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I 
Abstract 
The development of new materials with high adsorption capacity and selectivity is becoming 
attractive for the applications of clean energy and environment pollution control. Metal-organic 
frameworks (MOFs) are promising adsorbents for gas storage and separation, such as H2 and CH4 
storage, and CO2 capture, due to their extraordinarily high porosity, adjustable pore sizes, 
controllable surface functionality and potential scalability for industrial applications. 
This thesis focuses on developing novel MOFs for selective gas adsorption with large adsorption 
capacities and high selectivity, as well as good thermal and chemical stability. The studies include 
optimizing the activation conditions for uniform and empty pores with MOFs Cu-BTC taken as a 
case study, designing novel MOFs structure with desired functional groups for high selectivity of 
CO2 over other gases, fabricating MOFs contained composites with desired electrostatic force with 
ZIF-8/CNTs as an example, and evaluating the selective gas adsorption performance of all the 
prepared materials. This thesis aims to establish the relationship between the structure features of 
MOFs (pore size, metal centres, surface functional groups and electrostatic force) and gas 
adsorption performance of MOFs (including adsorption capacity and selectivity). 
The first part of experimental chapters focuses on the preparation and activation of copper-based 
MOFs Cu-BTC. The materials were synthesized by solvothermal method and activated by six 
different solvents (chloroform, dichloromethane, acetone, ethanol, methanol and water) in the 
activation process. The effects of different activation solvents on the thermal stability, porous 
structure and CO2 adsorption of Cu-BTC were investigated. The more DMF molecules were 
evacuated from the pores of Cu-BTC, the better adsorption performance was reflected in the 
material. The high crystalline and nearly solvent-free frameworks with highest BET surface area 
(2042 m
2
/g), largest pore volume (0.823 cm
3
/g) as well as highest CO2 loading (11.60 mmol/g at 0 
°C and 132 kPa) can be achieved while using methanol as activation solvent. Then the selective 
adsorption of CO2/N2 and CO2/CH4 on Cu-BTC were examined through the experimental 
measurement of equilibrium adsorption capacities from pure fluids (CO2, CH4 and N2) and mixtures 
of CO2/N2 and CO2/CH4. Grand Canonical Monte Carlo (GCMC) model was performed to predict 
the adsorption capacities from pure fluids and binary mixtures. The GCMC model gives reasonable 
predictions of the measured adsorption capacities for pure gases at low pressures (<5 bar), but 
significantly over predicts that at pressures greater than 5 bar. The GCMC model fails to provide a 
satisfactory fit of the binary adsorption measurements across the entire pressure range studied. The 
Ideal Adsorbed Solution Theory (IAST) model using best-fit parameters for Langmuir isotherms of 
each pure fluid provides more satisfactory predictions of CO2/N2 and CO2/CH4 than the GCMC 
II 
model. This combined experimental and modelling approach can provide criteria to screen MOFs 
for the separation of gas mixtures at industrially relevant compositions, temperatures and pressures. 
The second part of experimental chapters mainly focuses on synthesising MOFs with enhanced 
affinity for CO2 and selectivity of CO2 over other gases. Three novel amino-functionalized MOFs 
with both open metal sites (OMSs) and Levis basic sites (LBSs) were synthesized by solvothermal 
reactions. Single crystal structure analysis showed that Mg-ABDC and Co-ABDC were 
isostructural comprising two-dimensional layer structures, while Sr-ABDC contained a three-
dimensional motif. These amino-functionalized MOFs were further characterized by powder X-ray 
diffraction, thermal gravimetric analysis and N2 ads-desorption. Adsorption isotherms of CO2 and 
N2 were obtained at various temperatures (0, 25 and 35 °C) and then the adsorption capacity and 
CO2/N2 selectivity for these MOFs were compared. Based on results, both Mg-ABDC and Co-
ABDC decorated by the -NH2 groups and the open metal sites exhibit high heat of CO2 adsorption 
(> 30 kJ/mol) and excellent adsorption selectivity of CO2 over N2 (>375). In contrast, Sr-ABDC 
displays poor adsorption properties due to small pore size, low surface area and small pore volume. 
Introducing desired electrostatic force into MOF structures by the incorporation of carbon 
nanotubes (CNTs) into MOFs can obtain better crystals and enhance the properties of composite. A 
series of ZIF-8/CNTs composites were successfully synthesized by solvothermal method. The 
contents of ZIF-8 and CNTs in the composites were calculated from Thermogravimetric Analysis 
data. CO2 and N2 adsorption at 273 K on the composites were also investigated and compared. 
Results show that there are interactions (synergetic effect) between ZIF-8 crystals and CNTs in the 
composites, reflected in the change of crystallinity, morphology, thermal stability, and adsorption 
properties. The surface area and adsorption capacities of ZIF-8/CNTs composites can be controlled 
by adjusting the CNTs content in the composites. In optimal CNTs loading ratio, the ZIF-8/CNTs 
composite showed improved adsorption capacities and selectivity of CO2/N2, illustrating that the 
incorporation of CNTs into MOFs synthesis is a promising approach to enhance the adsorption 
performance of MOFs. 
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1.1 Background 
The separation of mixtures into its components is one of the fundamental process operations in 
chemical engineering. An important group of separations are those which apply selective 
adsorption,
1
 wherein substances have different affinities for the surface of an adsorbent at given 
conditions. Porous solid materials are generally used as adsorbents in the separation process and are 
especially important in gas-phase separations, an area which has received considerable research and 
development attention, to create advanced porous materials with tailor-made porosity and surface 
properties, for particular separation applications.  
Porous materials include a wide range from natural to synthetic, from inorganic to organic, and 
from crystalline to amorphous. Specifically, carbon nanotubes, activated carbon, activated alumina, 
molecular sieve, zeolites, silica gel, pillared clays, inorganic and polymeric resins, functionalized 
fibers, and porous metal-organic frameworks (MOFs) have been explored as adsorbents; some of 
these have been progressed to commercial use in industry, as listed in Table 1.1.
2-3
 
Selective adsorption by a porous material occurs as a result of one or several of the following 
mechanisms:
1, 4
 size and/or shape exclusion (molecular sieving effect); different adsorbate-surface 
and/or adsorbate packing interactions (thermodynamic equilibrium effect); different diffusing rates 
(the kinetic effect); the quantum effect (quantum sieving).
3
  
A promising porous adsorbent should have the following properties: dissimilar adsorption capacity 
of different components, high selectivity for one set of components over others, favorable 
adsorption kinetics, easy regenerability and suitable mechanical properties.
5
 Most importantly, the 
adsorption capacity and selectivity of porous materials are key determinants in gas adsorption and 
separation. The adsorption capacity depends on adsorption conditions (equilibrium pressure, 
temperature, nature of gas) and the properties of porous material. The selectivity is also related to 
the operational temperature, pressure, as well as the nature of the adsorbent and the adsorbate, but 
the selectivity as an integrative and process-related issue in practical separation is more 
complicated. 
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Table 1.1 Properties of commercial adsorbents for gas separation and purification
2-3
 
Porous materials Structure and pore features Application examples 
Activated carbons  
(coal, petroleum, 
vegetable, polymeric 
precursors) 
Amorphous, frameworks containing 
interconnected micro- and 
mesopores with various shapes and 
sizes, and having different volume 
fractions and pore walls of different 
surface chemistry giving rise to 
different degrees of local surface 
polarities 
(distributed pores with diameter 3- 
100 Å) 
Production of H2, CO and CO2 
from steam-methane re-former 
(SMR) off-gas, H2 from refinery 
off-gas (ROG); Solvent vapor 
recovery; Gas desulfurization; 
Volatile organic compounds 
(VOCs) removal 
Activated alumina Amorphous, frameworks containing 
micro- and mesopores with different 
shapes and sizes, and pore surfaces 
containing both basic and acidic sites 
(Mean pore diameter: 20-50 Å) 
Production of O2 and N2 
enriched air, H2, CO and CO2 
from SMR off-gas, and H2 from 
ROG; Solvent vapor recovery; 
VOC removal; Electronic gas 
purification 
 
Molecular sieve 
carbons 
(coal, polymeric, 
vegetable based) 
Amorphous, microporous 
frameworks with larger cavities 
connected by precisely restricted 
pore windows 
(Window diameters: 3-5 Å) 
Production of O2 and N2 
enriched air; production of CH4 
and CO2 landfill gas 
silica gels Amorphous, frameworks containing 
micro- and mesopores with different 
shapes and sizes, and different 
degrees of surface hydroxylation. 
(mean pore diameter of 20-30 Å) 
Gas drying; 
Production of H2 from ROG 
Zeolites (types A 
and X, chabizite, 
mordenite, silicalite 
clinoptilolite, and 
their ion exchanged 
forms: Li
+
, Na
+
, K
+
, 
Ba
2+
, Ca
2+
, Mg
2+
, 
Ag
+
 
Crystalline, microporous frameworks 
with well-defined and uniform pore 
structure in which there exists one or 
more types of hydrated or non-
hydrated cations in different 
locations, and trace moisture, non-
uniform hydrolysis during 
regeneration. 
(Pore openings diameter: 3-10 Å ) 
Production of O2 and N2 
enriched air, O2 from air for 
home medical use, H2 and CO2 
from SMR off-gas, CH4 and 
CO2 from landfill gas; 
Gas drying, desulfurization; 
Electronic gas purification 
 
 
MOFs as a new class of crystalline porous materials emerged about two decades ago and have since 
then attracted much attention owing to their widespread potential applications, including gas 
storage, molecular separation, sensing, catalysis and drug delivery.
6-10
 MOFs can be conceptually 
designed with exceptionally high porosity, various pore sizes and chemical functionalities, and 
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synthesized by a simple self-assembly reaction between a variety of metal ions and organic linkers 
under mild conditions, as shown by way of example in Figure 1.1.
11
  
 
Figure 1.1 MOFs constructed from metal-containing node and bridging organic ligand to second building 
unit (SBU) and then to three-dimensional framework with pores. The last image highlights the geometrical 
assembly of the framework with the ligands and polyhedral cages acting as three- (yellow) and twenty-four- 
(red) connected nodes, respectively
11
 
Because they have large surface areas, adjustable pore sizes, controllable pore surface properties 
and are potential scalability to industrial scale, MOFs have been recognized as promising adsorbent 
or membrane materials for gas storage and separation, including as examples, H2 and CH4 storage 
and CO2 capture. Compared with zeolites, MOFs with high surface area have enhanced capacities 
for CO2 capture at moderate pressures. The high degree of designability and adjustability of MOFs 
offer facile optimization of the pore structure, surface functional groups, and other properties for 
specific applications. This is quite different from that of traditional porous zeolites, whose pores are 
usually difficult to alter. In addition, MOFs for separation service can be easily regenerated under 
milder conditions than most zeolites, which require considerable heating and the associated high 
costs.
12
 
MOFs consequently provide opportunity for selective adsorption and separation applications, and 
potentially also provide solutions for some specific scientific and engineering challenges in 
separations.
6
 The selective adsorption performance of MOFs can be generally improved by 
manipulations at both molecular and technical levels. At the molecular level, strategies including 
tuning or controlling the pore size and shape, functionalizing the pore surface, incorporating open 
metal sites, and using electrostatic force fields are popular for the design and modification of 
MOFs.
11, 13-15
 At the technical level, different procedures and methods can be developed or 
optimized for enhancing the selective adsorption ability in MOFs. These procedures can include: 
the preparation details of MOFs materials for separation; the activation of MOF material which is 
related directly to the separation performance of the material; the selection of the separation process 
for specific MOFs with unique properties; the manipulation of MOF materials to decrease 
environmental factors (moisture, oxygen etc.); and the hybridization of MOFs with other materials, 
such as carbon nanotubes (CNTs) and polymers.
11, 14
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Efficient selective adsorption and separation of light gases (H2, O2, N2, CH4 and CO2) is among the 
most attractive areas of research in MOFs for separation applications.
3, 14
 Extensive studies have 
been performed on selective gas adsorption by MOFs, mainly depending on adsorption-desorption 
isotherm measurements of single gas components, which provide the predominant information for 
adsorbent screening. However, because more variables are involved in the practical separations of a 
mixture than can be directly obtained from evaluations from single-component measurements, co-
adsorption, diffusion, and breakthrough experiments provide means for exploring these, but remain 
largely under-utilised to date. To some extent, the separations of light gases by MOFs are still in an 
early stage of development and have yet to be put to any practical applications.  
Prior to practical application, the development of a new adsorbent normally goes through multiple 
steps, including materials design and preparation, selective gas adsorption studies, materials 
evaluation, adsorbents preparation scale-up, and separation process design and optimization. To 
fully exploit the potential of MOFs materials, preparation of samples to produce uniform, empty 
pores is an essential but challenging task, especially for highly porous MOFs. Besides, applying 
MOF materials under more realistic conditions close to those likely to be relevant to practice is the 
best way to evaluate MOFs for selective adsorption and separation. Take flue gas separation or 
natural gas purification as examples, high adsorption affinity for CO2 and high selectivity of CO2 
over the other gases is essential in designing an adsorbent. Consequently, the selective adsorption 
and separation performance of MOFs need to be tuned by the modification of the structures and 
pore properties at the molecular level.
14-16
 For instance, synthesizing novel MOFs with both OMSs 
and LBSs not only improves the affinity and selectivity of MOFs toward CO2 over N2 or CH4 or 
other gases, but also provides opportunities to study the relationship between multifunctional sites 
and selective adsorption behaviour of MOFs. 
Measurements of equilibrium multicomponent isotherms seem straightforward; however these 
measurements require a specially designed experimental system, which are expensive, time-
consuming and require painstaking operation. 
1.2 Scope and research contributions 
Prompted by the above descriptions, this project has the following objectives: 
 To improve the gas adsorption capacity and selectivity by optimizing synthesis conditions and 
activation methods, and to explore the relationship between activation efficiency and porosity 
of MOFs. 
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 To examine the selective adsorption of CO2/N2 and CO2/CH4 on MOFs by experiments and 
simulations, to investigate the suitability of predictive methods for the binary adsorption 
behaviour of various compositions and provide guidance in screening MOFs materials for the 
separation of gas mixture at industrially relevant conditions. 
 To synthesize new MOFs with open metal sites and Lewis basic sites, thus to enhance the 
selective CO2 adsorption performance, and to study the relationship between multifunctional 
sites and selective adsorption behaviour of MOFs. 
 To controllably synthesize MOFs/CNTs composites with enhanced CO2 adsorption and 
selectivity of CO2 over N2, and thus to develop novel method to fabricate hierarchical MOFs 
composite and improve adsorption performance. 
Driven by the project objectives, the key contributions of this work are briefly summarised as 
follows: 
In developing MOFs with enhanced affinity and selectivity for selective gas adsorption, this thesis 
has synthesized Cu-BTC, three new amino-functionalized and ZIF-8/CNT composite MOF 
materials, and investigated the relationship between their properties and performance.  
The work has examined six different solvents on the pore evacuation, and shown that high 
crystalline and nearly solvent-free Cu-BTC, with superior properties, can be obtained when using 
high polarity solvent methanol as an activation solvent.  
A further contribution relates to the introduction of open metal sites and Lewis basic sites into 
MOFs, a method shown here to provide promising routes for designing MOFs with high CO2 
affinity for selective CO2 adsorption and separation.  
Thirdly, the in-situ hybridization of MOFs with other materials, such as carbon nanotubes (CNTs), 
will facilitate the nucleation of MOFs and enhance adsorption performance of MOFs composite by 
the interactions between CNTs and MOFs. 
Finally, direct measurements of binary gas mixtures allow the validation of multicomponent 
adsorption isotherms predicted using simulation models such as IAST and GCMC. The combined 
experimental and modelling approach can provide criteria to screen MOFs for the separation of gas 
mixtures at industrially relevant conditions. 
1.3 Structure of thesis 
Chapter 1. Introduction  
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This chapter introduces the background of the thesis and outlines the scope and key contributions to 
the field of research. 
Chapter 2. Literature Review  
This chapter presents an overview of metal-organic frameworks (MOFs), and their gases selective 
adsorption application, including the recent progress and advancements in MOFs. 
Chapter 3. Experimental details 
This chapter describes all the experimental setup used within this research. The synthesis methods 
for all the MOF samples as well as MOFs/CNTs composites are provided. All sample 
characterisation techniques are explained, including chemical-physical studies on MOFs samples 
and corresponding gases adsorption tests on different MOFs. The simulation methods including 
Grand Canonical Monte Carlo (GCMC) simulation and Ideal Adsorbed Solution Theory (IAST) for 
single and binary adsorption are also described. 
Chapter 4. Enhanced activation procedures on Cu-BTC by various solvents 
In this chapter, the effect of six different solvents (chloroform, dichloromethane, acetone, ethanol, 
methanol and water), which were used in the activation process of copper based MOFs (Cu-BTC) 
are provided. The different activation solvents change the thermal stability, porous structure and 
CO2 adsorption of Cu-BTC, with outcomes described in this chapter. The CO2 adsorption capacities 
were highly dependent upon activation solvents and increased in accordance with the increasing 
order of surface area. Cu-BTC with higher surface area can result in higher CO2 adsorption. When 
using methanol as an activation solvent, Cu-BTC with the highest BET surface area, largest pore 
volume as well as highest CO2 loading can be achieved. This chapter was published in RSC 
Advances 2013, 3 (38), 17065-17072.  
Chapter 5. Selective gas adsorption on Cu-BTC by experiments and molecular 
simulations 
This chapter presents the selective adsorption performance of CO2/N2 and CO2/CH4 mixture on Cu-
BTC. Both single component adsorption (CO2, N2 and CH4) and binary adsorption of CO2/N2 and 
CO2/CH4 mixture were conducted by Belsorp-BG system. The experimental adsorption isotherms 
and selectivities were compared with the simulated results from GCMC and IAST. At pressures up 
to 5 bar the GCMC model gives reasonable predictions of the measured adsorption capacities for 
pure gases, but the model significantly over predicts adsorption capacities at pressures greater than 
5 bar. The GCMC model fails to provide a satisfactory fit of the binary adsorption measurements 
across the entire pressure range studied. Ideal Adsorbed Solution Theory (IAST) model using best-
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fit parameters for Langmuir isotherms of each pure fluid provides more satisfactory predictions of 
CO2/N2 and CO2/CH4 mixture than the GCMC model. This combined experimental and modelling 
approach can provide criteria to screen the MOFs material and to forecast the binary adsorption 
behaviour of different compositions in practical application. This chapter has been submitted to 
Industrial & Engineering Chemistry Research, 2014. 
Chapter 6. Preparation of novel MOFs with open metal cation sites and Lewis 
basic sites 
This chapter presents the preparation and adsorption properties of three amino-functionalized MOFs: 
Mg-ABDC, Co-ABDC and Sr-ABDC (ABDC = 2-aminoterephthalate). The frameworks were 
synthesized by solvothermal reactions of 2-aminoterephthalic acid (H2ABDC) with magnesium, 
cobalt and strontium metal centres, respectively. The single crystal structure analysis showed Mg-
ABDC and Co-ABDC display isostructural two dimensional layer structures, while Sr-ABDC 
contains three-dimensional motifs. These amino-functionalized MOFs were further characterized by 
powder X-ray diffraction, thermal gravimetric analysis and N2 ads-desorption. Adsorption 
isotherms of CO2 and N2 were measured at different temperatures. The obtained adsorption capacity 
and CO2/N2 selectivity on the three MOFs were compared. As a result of -NH2 groups and open 
metal sites decorated in the frameworks, Mg-ABDC and Co-ABDC exhibit high heat of CO2 
adsorption and outstanding selectivity of CO2 over N2. This chapter forms the basis for a paper to be 
submitted to Dalton Transactions. 
Chapter 7. Synthesis of ZIFs/CNTs composites with enhanced CO2 adsorption 
In this chapter, a series of ZIF-8/CNTs composites were synthesized with varying CNTs loading 
amounts. The obtained composites were characterized by XRD, SEM, TGA and N2 adsorption. CO2 
and N2 adsorption at 273 K on the composites were also investigated and compared. There are 
interactions between ZIF-8 crystals and CNTs in the composites, which reflects in the change of 
crystallinity, morphology, thermal stability and adsorption properties. The existence of CNTs in the 
synthesis process provides more nucleation sites and raised the crystallinity of ZIF-8, the surface 
area and adsorption capacities can be controlled by adjusting the CNTs content in the composites. 
The improved adsorption capacities and selectivity of CO2/N2 illustrate that the incorporation of 
CNTs into MOFs synthesis provide a suitable and reasonable approach to achieve hierarchical pore 
structure and enhanced adsorption performance of MOFs. This chapter was published in Dalton 
Trans. 2014, 43 (19), 7028-7036 
Chapter 8. Conclusions and recommendations for future work 
This chapter presents the overall conclusions and recommendations for future work. 
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Chapter 2 Literature Review 
2.1 Introduction 
The aim of this chapter is to provide a context for the project, and to show the research progress of 
metal-organic frameworks (MOFs), which includes the principles of design, synthesis process, the 
key factors affecting the structures and the properties of MOFs. The selective adsorption applications 
of MOFs materials are summarized including the adsorption mechanism, single-component 
adsorption, breakthrough experiments, and molecular simulation to binary adsorption. The strategies 
to enhance CO2 selective adsorption in MOFs are also introduced. General conclusions are drawn 
and some guided perspectives for future research are provided at the end of this chapter. 
2.2 General overview of MOFs 
2.2.1 History and development of MOFs 
The term metal-organic framework (MOF) was popularized by Yaghi et al. around 1995 in 
connection to three-dimensional (3D) porous coordination networks (PCNs).
1
 Metal-organic 
frameworks (MOFs) are highly crystalline inorganic-organic hybrids constructed by coordinating 
metal ions (e.g., Al
3+
, Cr
3+
, Cu
2+
, or Zn
2+
) or metal clusters with multidentate organic ligands (e.g., 
carboxylates, tetrazolates, and sulfonates).
2-4
 These coordination polymers consist of metal atoms or 
metal clusters (also known as molecular building blocks, or second building units (SBUs), presented 
Figure 2.1)
4-5
 as nodes, which are linked through organic ligands (linkers). These coordination 
polymers can be one, two, or three-dimensional (1D, 2D and 3D) infinite networks, where both 2D 
and 3D structures of MOFs have uniform pores or open channels. In most of 3D MOFs materials, the 
integrity of these pores and channels can be retained after careful removal of the guest molecules. 
The empty voids within the 3D structures can then accommodate other guest molecules.
6-8
 
Over the past two decades, considerable success and rapid progress has been made in the field of 
MOFs due to their attractive properties, e.g. large surface areas, high crystallinity with well-defined 
pore properties, easily tunable and tailorable topologies and chemical functionality etc.. Like zeolites 
and aluminophosphates, MOFs are crystalline porous materials, but unlike zeolites they are not 
purely inorganic compounds and belong to organic-inorganic hybrid compounds. The family of 
MOFs includes isoreticular MOFs (IRMOFs),
9
 zeolitic imidazolate frameworks (ZIFs),
10
 and zeolite-
like MOFs (ZMOFs).
11
 Moreover, theoretically both porous organic polymers (POPs)
12
 and covalent 
organic frameworks (COFs)
12
 are not strictly MOFs, but they are similar classes of materials because 
they are also constructed from SBUs.  
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Figure 2.1 Examples of typical inorganic SBUs (Color code: black, C; red, O; green, N; yellow, S; purple, P; 
light green, Cl; blue polyhedra, metal ions. H atoms are omitted for clarity.)
4-5
 
 
Figure 2.2 Assembly of MOFs by the copolymerization of metal ions with organic linkers (In MOF-5: Metal, 
purple; O, red; C, gray; in Cu-BTC: Metal, light pink; O, red; C, gray.)
3
 
MOF-5 (Zn4O(BDC)3) as one of the famous prototypical MOFs, is constructed with zinc atoms as 
metal centers and terephthalic acid molecules to form a cubic, 3D network (Figure 2.2).
3
 The guest 
molecules in the pores of MOF-5 can be exchange and removed, yielding a high porosity material 
with more than 3000 m
2
/g of apparent surface.
6
 The central cavity within in this frameworks is much 
larger compared to other traditional adsorbents and is essential for gas storage.
6, 13-14
 It is interesting 
to note that by using other substituted linear dicarboxylate linkers instead of terephthalic acid, a large 
series of Zn-based MOFs can be produced with similar structure as that of MOF-5, referring to as 
isoreticular MOFs (IRMOFs).
4, 9, 15
 This family of materials feature considerably different pore sizes, 
pore volume and pore functionalities, indicating that the properties of MOFs can be perfectly tuned 
by employing the appropriate linker type. Another prototypical Cu-based MOFs Cu-BTC, also 
known as HKUST-1,
16-34
 has a unique cubic structure patterns with multiple pore and adsorption 
sites for facilitating strong adsorption. The SBUs in Cu-BTC framework has paddlewheel type metal 
corners connected by trimesic acid linkers as shown in Figure 2.2.
3
 The 3D unit cell crystal 
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framework is composed of large central cavities (diameter 9.0 Å) surrounded by small pockets 
(diameter 5.0 Å).
20
 The larger hydrophilic pores are formed by connected Cu
2+
 ions through a weak 
bond, and the second axial coordination site is filled by a weakly bonded solvent molecule which can 
be easily removed with heat treatment under vacuum, rendering the Cu Lewis acid centres directly 
accessible.
35
 Once the coordinated solvent molecules are removed, the coordinative unsaturation of 
Cu
2+
 sites can be filled by prospectively adsorbed molecules, hence the dehydrated Cu-BTC 
represents an ideal material for gas adsorption and storage.
20
 
From design and synthesis point of view, MOFs can be developed with exceptionally high porosity 
and are typically synthesized by a self-assembly reaction between various metal ions and organic 
linkers under mild conditions. However, the self-assembly of the frameworks is heavily influenced 
by a large variety of synthesis conditions, including the structural characteristics of the ligands, 
coordination nature of metal ions, the solvent system, source of heating, reaction temperature and 
time, the pH value of the solution, pressure and the ratio of metal to ligand etc.. Especially, by 
varying ligands and metals in the starting materials, the synthesis can be readily adapted to control 
pore connectivity, structure and dimension, featuring many opportunities of differences in 
functionality and overall characteristics of the frameworks.
36-37
 Afterwards, both the activation 
procedures and storage conditions can remarkably affect the porosity of MOFs materials:
38-39
 1) the 
proper evacuation of guest molecules from the void space of the frameworks is important to the 
production of MOFs with uniform and fully empty pores; 2) many MOFs are air- and moisture 
sensitive, the best performance characteristics can be obtained only by careful handling under an 
inert atmosphere .
14, 40
 
2.2.2 Synthesis of MOFs 
Advantages of MOFs over classical zeolites are the manifold design aspects through the organic 
linkers and metal nodes.
2, 41-42
 Different synthetic approaches have been reported including solvent 
evaporation synthesis, diffusion synthesis, solvothermal synthesis (including hydrothermal 
synthesis), ionothermal synthesis, microwave synthesis, sonication assisted synthesis, and 
mechanochemical synthesis (solid-state synthesis).
43
 Besides the above pre-design methods, post-
synthetic modification (PSM) is another useful way in tuning the pore properties of MOFs.
44
  
2.2.2.1 Synthetic consideration of MOFs 
Linkers: The ligands used in the construction of coordination polymers have to bridge between metal 
ions. This requires usually multi-dentate ligands with two or more donor atoms. Such bridging 
ligands are called di-, tri-, tetra-topic depending on the number of donor atoms.
45
 Popular ligands in 
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property related work of MOFs are usually carboxylates, azoles, nitriles, etc., as described in Figure 
2.3.
4, 46
 Multi-carboxylate ligands with suitable spaces, especially benzene-multi-carboxylate ligands, 
are frequent choices for MOFs.
45, 47-48
 Generally, nitrogen- and oxygen-donor ligands feature 
prominently in the construction of MOFs. In the case of neutral bridging ligands (Figure 2.3), charge 
balance is achieved by anions from the original metal salt, for example, Cl
-
, NO3
-
, SO4
2-
, and BF4
-
. 
So far considerable efforts have been devoted to the synthesis of new ligand systems. 
 
Figure 2.3 Examples of linkers used in coordination polymers
4, 46
 
Metal precursors: Most of the MOFs reported to date are based on transition metal or rare earth 
metals, most of which are divalent metal ion including Zn
2+
, Cu
2+
, Ni
2+
, Co
2+
, Cd
2+
, Pd
2+
, Ru
2+
, Zr
2+
 
and so on.
17, 49-53
 Recently, because of the potential gravimetric advantage for gas storage 
application, lightweight metal ions (Li,
54-55
 Mg,
37, 56-60
 B,
12, 61
) have also been used to construct 
coordination networks. In addition, rare earth metals (e.g. La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, 
Ho, Er, Tm, Yb, Lu, Sc, Y), which have fantastic coordination properties and special chemical 
characteristics, are attracting more and more attention as functional metal centers.
62-66
 Rare earth ions 
have high affinity for hard donor atoms and ligands containing oxygen or hybrid oxygen-nitrogen 
atoms, especially multi-carboxylate ligands, which are employed in the architectures of lanthanide 
coordination polymers.
67-69
 As the high coordination number and flexible coordination geometry of 
rare earth ions make it difficult to control the preparation of rare earth complexes, the analogous 
complexes based on rare earth ions are still uncommon compared with those of transition metals.
70-73
 
Solvents: Most metal salts and ligands are solid state, which need to be dissolved in solvent. There 
are many solvents that can be used as reaction medium, such as water and organic solvents including 
methanol, ethanol, acetone, N,N-dimethylformamide (DMF), N,N-diethylformamide (DEF), 
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Dimethyl sulfoxide (DMSO), and N-Methyl-2-pyrrolidone (NMP) etc. During the activation process, 
if high boiling point solvent (DEF, DMF, NMP) is used in the reaction step, the coordinated solvent 
in the pores must be exchanged with low boiling point solvent, such as methanol, chloroform and 
dichloromethane etc., which can be more easily removed in the degassing step. The guest solvent 
molecules often influence the coordination behavior of the metal ions,
74-76
 and this behavior may 
determine the connectivity and dimensionality of the overall framework.
75, 77-79
 In the process of 
synthesizing MOFs, the organic molecules (including organic solvent and organic amine) play three 
different roles in the formation of various types of structures: (1) as a solvent for organic solvent (or 
an agent to deprotonate O-donor ligands for organic amine); (2) as a structure-directing agent; (3) as 
a ligand to coordinate to the metal ion.
80
 The extent of deprotonation of organic carboxylate linkers 
that largely decides its coordination mode and can be controlled by adjusting the basicity of the 
solvent medium.
81
 Extra-framework solvent molecules can also influence the thermal and 
desolvation properties via intermolecular interaction with the parent network.
82-83
 Some MOFs are 
obtained from the mixture of several organic solvent or the mixture of water and other organic 
solvent.
24
 Using different solvents in the synthesis step may get completely different structures and 
properties of frameworks. For example, using DMF as an alternative cheaper solvent to DEF, has 
resulted in MOFs products with lower surface areas.
14
 Yaghi and co-workers have successfully 
synthesized a series of Zn-BTC frameworks by employing different solvents and organic bases.
84
 
The dimensionality of the resulting Zn-BTC framework is mainly dependent on the solvent media 
and the strength of organic base. Forster and co-workers 
37
 prepared three magnesium based MOFs 
and a 2D coordination polymer using a combination of DMF, methanol, ethanol and water under 
solvothermal conditions (Figure 2.4). The relative coordination ability of the solvents with the metal 
centers plays a vital role in determining the topologies of the networks. Banerjee’s group85 prepared 
two structurally different two-dimensional (2D) fluorinated MOFs (F-MOFs). In the presence of 
DMF and DEF solvents as showed in Figure 2.5, the effect of the choices of solvent has been clearly 
reflected in the structures obtained, F-MOF-4 shows formation non-interdigitated square shaped 
pores while Cu-FMOF-4B shows the formation of square-shaped pores with interdigitated layered 
structure. 
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Figure 2.4 The solvent-dependent formation of coordination centres based on magnesium metal ions and 3, 5-
pyrdinecarboxylate (PDC) as the organic linkers
37
 
 
Figure 2.5 Structural comparison between two isomeric frameworks: F-MOF-4 and Cu-FMOF-4B. Color code: 
M (violet), N (blue), O (red), C (gray), F (light green)
85
 
2.2.2.2 Synthesis methods of MOFs 
Solvent evaporation synthesis: This technique is the most traditional and commonly used crystal 
growth by evaporating or cooling a saturated solution,
39
 which needs convenient conditions: (a) 
crystals grow in saturated solutions; (b) solubility increases with temperature and crystals can appear 
during the cooling step. Chen et al.
86
 used this method to synthesize three dinuclear hydroxy-bridged 
copper(II)-lanthanide(III) complexes and they exhibited different magnetic because of the presence 
of different lanthanide ions. 
Diffusion synthesis: The main idea of this method is to slowly bring the different species into 
contact. One approach is solvent liquid diffusion. Firstly, two layers with different densities are 
formed: one contains the product in a solvent, another is the precipitant solvent, and these are 
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separated with a solvent layer. The precipitant solvent slowly diffuses into the separate layer and 
crystal growth occurs at the interface. Another approach is the slow diffusion of reactants by the 
separation of physical barriers, such as two vials with different sizes. Additionally, gels are also used 
as diffusion and crystallization media in some cases, especially to slow down diffusion and to avoid 
precipitation of bulk material. The diffusion method is preferred to obtain single crystals suitable for 
X-ray diffraction analysis instead of non- or poly-crystalline products, especially if the products are 
poorly soluble. Using this technique, Zhao et al.
87
 mixed Ni(NO3)2∙6H2O (218 mg, 0.75 mmol) and 
trimesic acid (H3BTC,105 mg, 0.5 mmol) in 10mL of resolved 1,2-propanediol until complete 
dissolution occurs. This stock solution was split into five equal portions and placed into 75 x 25 mm 
glass sample vials. Inside each vial is placed a smaller sample vial, with a pierced lid, containing 5 
drops of neat 3-picoline. The larger vial was capped and sealed with laboratory film. The chiral 
crystalline phase grew after approximately three weeks. Using the synthesis method, Fang and co-
workers
88
 successfully synthesized a new MOF JUC-48 with the largest reported 1D hexagonal 
nanotube-like channels of 24.5 Å×27.9 Å and rare etb topology, constructed from rod-shaped 
cadmium carboxylate SBUs. 
Solvothermal synthesis: This method includes various techniques of crystallizing substances from 
high-temperature aqueous solutions at high vapor pressures, which is a typical MOFs synthesis 
method involve heating a mixture of ligand and metal salt in solvent for 12-48h. This method 
employs the self-assembly of products from soluble precursors. The operational temperature range is 
80-260 °C inside a closed space (autoclave) under autogenously pressure. This can be influenced 
mainly by the rate of cooling speed at the end of the reaction. Use different dicarboxylic ligands 
(Figure 2.6), Yaghi et al.
9, 15
 had produced a large series of IRMOFs (Figure 2.7), which they termed 
IRMOF-1 through IRMOF-16 with stable porosity, spanning pore diameters from 3.8 to 28.8 Å and 
pore volumes from 56 to 91 % of the unit cell volume in the solvent-guest free state. Each compound 
was synthesized by employing the corresponding organic linkers in the solvothermal conditions 
established for formation of the octahedral secondary building unit (SBU). 
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Figure 2.6 Terephthalic-type linkers for IRMOF-n (n=1-16)
9
 
 
Figure 2.7 Zn-based isoreticular MOFs (IRMOF-1 to IRMOF-16) with linkers differing in dimensionality and 
functionality (the expansion of the linkers increase the internal void space (yellow spheres))
9, 15
 
Ionothermal synthesis: The ionothermal reaction technique for the preparation of MOFs is a rapidly 
growing research field in recent years.
89-99
 While compared to hydrothermal and traditional 
solvothermal reaction conditions, ionothermal synthesis takes place at ambient pressures due to the 
ionic liquid’s vanishingly low vapor pressure, thus avoiding the high autogenous pressures (up to 
15atm at 200˚C) and associated safety concerns that accompany hydrothermal/solvothermal 
synthesis. Ionic liquids (ILs), the solvents for ionothermal synthesis, are catching considerable 
attention as greener and safer solvents due to their peculiar properties, including the lack of 
measurable vapor pressure and their ability to dissolve a wide range of organic and inorganic 
compounds. ILs as reaction media, templates, or charge-compensating groups are composed of 
organic cations and inorganic or organic anions, which possess interesting and useful 
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physicochemical properties such as high ionic conductivity, nonflammability, high thermal stability 
and negligible vapor pressures.
100-102
 The coexistence of ionic and organic groups and the large 
temperature windows of ILs make them ideal media for the reactions between metal ions. The 
variation of the cation and/or anion can provide a means to tune the solvent properties, which could 
be a route to design the structures of MOFs.
89-99
 There are a number of examples in which ILs have 
been successfully applied to the synthesis of novel MOFs (MOFs).
89-96, 103
 Many of the MOFs from 
ionothermal syntheses show that the cations of ILs can act as structure-directing agents. Using an 
ionic liquid 1-ethyl-3-methyl imidazolium bromide as solvent and template, Morris’ group 
synthesized two new isostructural coordination polymers with novel anionic MOFs under microwave 
conditions.
89
 They also reported that the hydrophilicity/hydrophobicity of the anion part gives rise to 
significant changes in the MOF structures.
96
 Xu et al. synthesized six 3D zinc MOFs with four sorts 
of 1-ethyl-3-methyl imidazolium bromide ionic liquids as solvents, the results showed that the 
ionothermal reaction technique is extremely versatile in producing many new MOFs with some new 
features.
98
  
Microwave Synthesis: Microwave energy can be directly and uniformly absorbed throughout the 
entire volume of an object, causing it to heat evenly and rapidly. For the synthesis of microporous 
materials, this advantage leads to homogeneous nucleation and substantial reduction in 
crystallization time compared to conventional oven heating.
104
 MOFs were firstly synthesized via 
microwave irradiation by Ni and Masel, who produced IRMOF-1 (MOF-5), -2, and -3 with vastly 
decreased reaction times and microcrystalline products.
105
 This technique was then expanded to 
several other MOFs.
106-107
 In recent years, researchers have sought to better understand the 
mechanism of this technique and broaden its application. Comparing the growth of Cu-BTC by 
conventional electric heating and microwave irradiation, Jhung et al found that the rapid nucleation 
rather than accelerated crystal growth is the mainly reason of the acceleration by microwaves.
108
 
Interestingly, the reverse is true for MIL-53 (Fe), although both the rates of nucleation and crystal 
growth are accelerated.
109
 Different phases of Cu-BTC can be produced by varying the temperatures, 
reaction times and concentration of reactant mixtures in microwave synthesis, even in optimal 
conditions Cu-BTC can be achieved with higher surface area than that prepared by solvothermal or 
electrochemical synthesis.
110
 Ahn’s group investigated the effects of microwave power level, 
irradiation time, temperature, solvent concentration, and substrate composition on the product 
crystalline and morphology. And they found that optimization of MOF-5 microwave synthesis 
revealed that heating for 0.5 h produces a material on a gram scale with very similar properties to 
MOF-5 synthesized with conventional heating; but the crystalline of the sample deteriorated after 
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0.5 h of microwave irradiation.
111
 Similar properties between MOF-5 synthesized withby microwave 
and conventional heating have since been confirmed later on.
105-106, 112
 
Sonochemical Synthesis: Sonochemical methods can lead to homogeneous nucleation and a 
substantial reduction in crystallization time compared with conventional oven heating when 
nanomaterials are prepared.
113-114
 Using sonochemical synthesis, as an efficient and environmentally 
friendly method to produce small MOF crystals with decreased reaction times has only recently 
begun to be explored. The rate acceleration in sonochemical irradiation stems from the formation and 
collapse of bubbles in solution, termed acoustic cavitations, which produces very high local 
temperatures (greater than 5000 K) and pressures, resulting in extremely fast heating and cooling 
rates.
115
 Ahn’s group synthesized MOF-5 with sonochemical irradiation in NMP and got 5-25 μm 
crystals in 30 minutes, with very similar properties to MOF-5 synthesized via microwave and 
conventional heating.
112
 At ambient temperature and pressure, the microporous MOFs Cu-BTC has 
been achieved with reduced reaction times by ultrasonic synthesis.
116
 Crystal size control is observed 
for Zn3(BTC)2∙12H2O, with crystals ranging from 50-900 nm depending on reaction time.
117
 As a 
relatively new technique, sonochemical synthesis is an efficient, low cost, and environmentally 
friendly route to porous MOFs in a simple manner, its generality is yet to be fully established. 
Mechanochemical Synthesis: Even though microwave and sonochemical synthesis reduce the time 
for synthesizing MOFs, they still rely on solvents, whereas mechanochemical synthesis is a solvent-
free methodology. In this technique, neat mixtures of linkers and metal salts are ground together in a 
ball mill to produce the desired MOFs and thereby avoid the use of solvents.
118-120
 The first solvent-
free mechanochemical synthesis of a microporous MOFs [Cu(INA)2] (INA= isonicotinic acid) was 
reported in 2006 by Pichon et al..
118
 Later on, this group sought to expand the technique by 
conducting an array-based study of five linkers and twelve different metal salts (Cu, Fe, and Zn 
salts).
121
 Out of the 60 potential combinations, 38 gave microcrystalline products as characterized by 
powder X-ray diffractometer (PXRD). Six products could be identified by positively matching the 
measured PXRD pattern to a simulated one from single-crystal X-ray diffraction data in the 
Cambridge Structure Database. This array-based study shows that the following factors may favour 
mechanochemical reactivity: ligand with low melting points, metal salt with basic anions (if released 
as acid byproducts), reactants with ‘internal solvent’ releasing (e.g. acetic acid), and starting 
materials with water/solvent of crystallisation.
121
 The solvent/additive-free conversion of ZnO and 
imidazole ligand to ZIF-8 were successfully gained by mechanochemical processing, this green-
chemistry strategy can be applied for other ZIF-related nanocomposites and provides opportunities 
for the convenient one-pot process and creation of new materials technologies.
120
 Mechanochemical 
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synthesis shows various advantages including low processing cost, energy efficiency, and high-purity 
products.
122
 However, its application for synthesizing MOFs is still in preliminary stages, and 
requires further investigation. For example, the contamination of both the milling media and the mill 
atmosphere would affect the purity of final product.
123
 In the solvent-free synthesis process of some 
MOFs, the removal of the residual components (unreacted chemicals) and by-products is a big 
challenge.
120
 
Post-synthetic modification (PSM): This method allows for the introduction of diverse chemical 
functionality into pre-existing frameworks, eliminating the need to develop new conditions for MOF 
synthesis.
124
 This would allow systematic modification of the cavities and the design of a whole 
range of isostructural MOF networks with a range of chemical functionalities and therefore different 
chemical and physical properties. Programming the architectures in the cavity of the porous material 
could result in specifically designed and desired interactions of the given modified MOF with guest 
molecules.
125
 A successful chemical PSM approach might have significant implications for MOF 
chemistry, with viable routes to the solid-state versions of diversity-oriented synthesis. The study and 
understanding of PSM may eventually lead to the development of novel MOFs families.  
Several reports have been published about MOFs with 2-aminoterephthalate (BDC-NH2) as the 
linker and the amino groups were modified post-synthetically with acetic acid anhydride.
44, 126-128
 
Similarly, the pendant amino groups in IRMOF-3 were subjected to PSM with 10 linear alkyl 
anhydrides O[CO(CH2)nCH3]2 (where n = 1 to 18) to the corresponding amide frameworks
129
 or with 
isocyanates to generate microporous urea-functionalized frameworks.
130
 (Al)MIL-53-NH2 with the 
BDC-NH2 linker could be treated with formic acid after the synthesis to give the corresponding 
amide Al(OH)[BDC-NH-C(O)H] (denoted MIL-53-NHCHO).
131
 Recently, amine-functionalized 
MIL-68(In) and a pillared BDC-DABCO MOF were converted to azides with tBuONO and TMSN3 
and then reacted with acetylenes in one pot.
132
 This method is attractive because it removes the 
difficulty of synthesizing MOFs with azides or protected acetylenes and will prove very useful if its 
generality can be established. Moreover, the flexibility of MOF (the so-called “dynamic 
frameworks” or “breathing”)133-135 can be triggered and controlled by modifying the amine groups on 
the linker. As shown in Scheme 2.1, a mixed-ligand Zn-MOF from DABCO and BDC-NH2 with 
alkyl anhydrides O[CO(CH2)nCH3]2 (where n = 1 to 5) amide groups were synthesized by Cohen et 
al..
136
 The result shows that: (a) NH2-BDC can be used as a surrogate for BDC in a number of MOFs 
thereby providing a handle for PSM, (b) PSM is a general strategy to functionalizing MOFs that can 
be applied to a variety of MOF structures, (c) the topology and chemical/thermal stability of MOF 
can influence the type of chemical reactions and reagents that can be used for PSM, and (d) PSM can 
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control the pore opening and the breathing behaviour of MOFs to selectively adsorb gases or other 
molecules.
136
 
 
Scheme 2.1 Synthesis and PSM of three MOFs: DMOF-1-NH2, IRMOF-3, and UMCM-1-NH2. DABCO and 
BTB ligands are represented by dashed and bold lines in the scheme, respectively
136
 
2.2.2.3 Production cost of MOFs 
Production cost is always one of the important factors in the practical applications of large-scale 
industrial materials. Taking the MOFs which are synthesized through hydrothermal or solvothermal 
reactions for example, the total cost to synthesize a MOF material includes the costs of reactors, 
reagents, utilities, separation and activation of final products, and purity characterization. The 
reagents usually include metal salts, organic ligands, and solvents for reactions and exchange 
processes. The cost of reactors and utilities to synthesize MOFs can be regarded as comparable to 
those of the synthetic zeolites, since the conventional precipitation and crystallization methods for 
zeolite are also feasible for preparing MOFs material.
137
 However, the cost of organic ligands and 
solvents to synthesize MOFs differentiates them from the synthetic zeolites. Many of the organic 
ligands are so far only synthesized at lab-scale having no commercial-scale market drivers. This 
makes the synthesis of some unique ligands costly and time-consuming. New synthesis technologies 
can likely be developed and adopted making use of petroleum raw materials that contain abundant 
aromatic compounds, minimizing the use of fine chemical reagents, but this will only occur if there 
is sufficient demand-pull.  
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To activate the as-synthesized MOFs with increased surface area and pore volume, solvent exchange 
procedures followed by thermal evacuation are often used to remove residual solvents remaining 
inside of the pores and channels of MOFs. Large amounts of organic solvents are consumed in this 
step and the recovery processes of the solvents are energy intensive. Supercritical (e.g. CO2) 
activation technique is an alternative way to thoroughly activate MOFs after synthesis, whereas the 
supercritical drying method can further increase the surface areas and pore volumes of MOFs at less 
cost than those achieving by solvent exchange process.
138
 
Scaling up the synthesis of MOFs would potentially reduce the production cost and is necessary for 
the practical applications, such as CO2 capture from flue gas. The costs of the starting materials in 
MOFs synthesis need to be determined as a first step toward calculating the MOFs production cost. 
As shown in Table 2.1, Liu and co-workers summarized the costs of the raw materials to produce 
some MOFs and compared these with normal adsorbents silica gel.
139
 They obtained the price quotes 
from multiple vendors for each raw material based on the purchase of one metric ton or greater 
quantity. Prices for individual materials were combined based on the relative amounts required for 
the synthesis of each MOF to arrive at the raw material cost.
139
  
The synthesis in kilograms quantities of several MOFs, including ZIF-8 (Basolite
®
 Z1200), MIL-53 
(Basolite
®
 A100), Cu-BTC (Basolite
®
 C300), Fe-BTC (Basolite
®
 F300), and Mg-formate (Basosiv™ 
M050), has been reported by BASF.
137
 Translated into retail prices (Table 2.2) for those 
commercialized MOFs, these are from AUD $9 to $20 per gram (Sigma-Aldrich Australia website), 
which is only affordable for fundamental research purposes. Nevertheless, by improving raw 
materials selection and introducing novel synthesis technology, lower price even comparable price to 
synthetic zeolites may be achieved for large-scale production of some MOFs in the future.
139-140
 
Table 2.1 Cost of the starting materials to produce some MOFs
139
 
Adsorbent Cost
a
/ US $ kg
-1 
Cu-BTC (HKUST-1) 20.08 
CoCo (Co3[Co(CN)6]2) 35.14 
MOF-5 (IRMOF-1) 2.93 
Zn/DOBDC (Zn-MOF-74) 1.90 
Ni/DOBDC (Ni-MOF-74) 6.48 
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Co/DOBDC (Co-MOF-74) 13.33 
Mg/DOBDC (Mg-MOF-74) 1.19 
MIL-100 15.64 
MIL-101 4.57 
Silica gel 1.00 
a
 Costs were estimated from quotes obtained from multiple vendors based on the purchase of one metric ton or 
greater quantity. 
Table 2.2 Sigma-Aldrich retail price of five commercialized MOF materials 
MOFs Cost/AUD$ g
-1 
ZIF-8 (Basolite
®
 Z1200) 13.72 
MIL-53 (Basolite
® 
A100) 14.20 
Cu-BTC (Basolite
® 
C300) 19.88 
Fe-BTC (Basolite
® 
F300) 14.46 
Mg-formate (Basosiv
™
 M050) 8.97 
2.2.3 Pore structures and adsorption behaviors of MOFs 
As porous materials, MOFs have the following unique structural properties and advantages: 1) high 
Brunauer-Emmett-Teller (BET) surface areas (>10,000 m
2
/g) and large pore volumes (55-90%) upon 
evacuation of guest molecules from the pores;
9, 47, 141
 2) adjustable pore sizes and fine tunable pore 
surface properties;
44, 142-143
 3) Rigid and flexible framework;
46
 and 4) acceptable thermal and 
chemical stability.
144
  
2.2.3.1 High BET surface areas and large pore volumes 
The guest solvent molecules in the large-cavity MOFs can be evacuated without framework collapse 
or channel blockage under optimal activation conditions, leading to high accessible BET surface 
areas and large pore volumes for the frameworks. The earliest study of gas adsorption isotherm and 
permanent porosity on MOFs was reported by Yaghi’s group in 1998, and the result showed that 
MOF-2 has a Langmuir surface area of 310 m
2
/g.
145
 And since the first breakthrough, more and more 
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MOFs that possess high BET surface area have been reported (as shown in Table 2.3).
141
 Among 
these MOFs, MOF-177 is the first reported MOFs material that exceeds surface areas of the best 
activation carbons, with BET surface area of 4750 m
2
/g and pore volume of 1.59 cm
3
/g (using 
Dubinin-Raduskhvich equation).
48
 PCN-14,
146
 MOF-200,
47
 and NU-100
147
 exhibited the highest 
values of excess H2 uptake (9.0 wt%) at 77 K and 56 bar, excess CH4 uptake (212 mg/g) at 290 K 
and 35 bar, and excess CO2 uptake (2347 mg/g) at 298 K and 50 bar, respectively. NU-110E has the 
highest reported values of BET surface area (7140 m
2
/g) and pore volume (4.40 cm
3
/g).
141
 
Table 2.3 Summary of porous MOFs with high BET Surface Areas and large Pore Volumes
141
 
MOF BET surface area (m
2
/g) pore volume (cm
3
/g) ref. 
PCN-14 1753 0.87 
146
 
MFU-4l 2750 1.26 
148
 
NOTT-102 2940 1.14 
149
 
PCN-61 3000 1.36 
150
 
Cu24(TPBTM
6-
)8(H2O)24 3160 1.27 
151
 
SNU-77 3670 1.52 
152
 
NOTT-112 3800 1.62 
153
 
MOF-5 3800 1.55 
14
 
UMCM-1-NH2 3920  --- 
154
 
PCN-66 4000 1.36 
150
 
Be12(OH)12(BTB)4 4030  --- 
155
 
UMCM-1 4160  --- 
156
 
MIL-101c 4230 2.15 
157
 
Bio-MOF-100 4300 4.30 
158
 
MOF-205 4460 2.16 
47
 
MOF-200 4530 3.59 
47
 
MOF-177 4750 1.59 
159
 
DUT-23-Co 4850 2.03 
160
 
NOTT-116/PCN-68 4660/5110 2.17 
161-162
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UMCM-2 5200 2.32 
163
 
NU-100 6140 2.82 
147
 
MOF-210 6240 3.6 
47
 
NU-109E 7010 3.75 
141
 
NU-110E 7140 4.40 
141
 
2.2.3.2 Adjustable pore sizes and tunable pore surface properties 
The pore sizes of MOFs can be systematically tuned and the pore walls functionalized using different 
organic ligands (Figure 2.3) and metal ions. Yaghi and co-workers synthesized 16 cubic IRMOFs 
(IRMOF-1 to MOF-16, Figure 2.7) with expanded and variously functionalized organic linkers 
(Figure 2.6).
9, 15
 The MOFs in this family exhibit various pore size (3.8-28.8 Å), pore volume (55.8-
91.1 %) and functionality (-Br, -NH2, -OC3H7, -OC5H11, -C2H4, and -C4H4). Motivated by the 
concept of the isoreticular expansion, more and more investigations about expanding and 
functionalizing different structures of MOFs have been developed and displayed great potential in 
gas storage and separations. Yaghi’s group also explored the extension of triangular carboxylate 
ligands from H3BTB to H3BTE and H3BBC leads to proportional expansion of pore size from 17 Å 
in MOF-177, 23 Å in MOF-180 and to 28 Å in MOF-200 (Figure 2.8).
47
 The unit cell volumes of 
MOF-180 and MOF-200 are 1.9 and 2.6 times greater than that of MOF-177, respectively.  
Besides the infinite selections of various organic linkers differing in dimensionalities and 
functionalities, the isostructural MOFs can be also synthesized by replacing the metal ions to form 
similar inorganic SBUs. For example, a series of isostructural MOFs M2(dobdc) (also call MOF-74) 
have been synthesized using divalent metal ions such as Mg, Co, Ni, and Mn.
58, 164
 In H2 adsorption, 
these MOFs with different metal(II) exhibit initial isosteric heats of adsorption for H2 (Qst) ranging 
from 8.5 to 12.9 kJ/mol, in the order of Zn > Mn > Mg > Co> Ni;
164
 while in CO2 adsorption, these 
frameworks display different CO2 initial affinity in the following trend of Mg > Ni > Co > Zn.
58
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Figure 2.8 Isoreticular expansion of tritopic carboxylate ligands to form MOF-177, MOF-180, and MOF-200. 
(The void space in the structure is presented by yellow; Zn, blue, tetrahedral; O, red; and C, black. H atoms 
are omitted for clarity.)
47
 
2.2.3.3 Rigid and flexible/dynamic framework 
MOFs can be classified into categories: rigid and flexible/dynamic framework. Rigid MOFs usually 
have comparatively stable and robust porous frameworks with permanent porosity, similar to 
zeolites, whereas flexible MOFs possess dynamic, “soft” frameworks that are sensitive to external 
stimuli, such as pressure, temperature, and guest molecules.  
Due to extraordinary sensitivity to external factors, the flexible MOFs serials would have superior 
performance such as pressure/temperature dependent molecular sieving, which is much better than 
traditional adsorbents, e.g., zeolites and activated carbons.
36, 165
 As shown in Scheme 2.2, the so-
called dynamic structural transformation based on flexible porous frameworks is one of the most 
interesting phenomena in coordination polymers, which are categorized as the three types.
133-134
 Type 
I framework is called ‘‘recoverable collapsing’’(crystal-to-amorphous), which has the property that 
by removal of guest molecules a network collapses due to the close packing force, however it 
regenerates under the initial conditions.
133, 166-169
 Type II framework is called ‘‘guest-induced 
transformation’’ (crystal-to-crystal transformation), which has the property that structural shifts in 
the network are induced by the simultaneous exchange of guest molecules.
170-171
 Type III framework 
is ‘‘guest-induced reformation’’ that has the property that removal of guest molecules makes a 
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structural change in the network to a different one; however it reverts to the original one under the 
initial conditions.
133, 172-182
  
 
Scheme 2.2 Classification of dynamic porous coordination polymers
133-134
 
 
Figure 2.9 (Left) The transformation of lp and np structures in MIL-53(Al) during gas adsorption; (Right) 
Temperature-Loading Phase Diagrams for Xe, CH4 and CO2 adsorption (Pmax and Tmax are the pressure and 
temperature above which no breathing transition takes place for a given guest molecule.)
183
 
As typical flexible MOFs, MIL-53(Al or Cr) has attracted a lot of attention, due to the occurrence of 
structure transformation (large-pore phase, lp and the narrow-pore phase, np).
178, 183-188
 At room 
temperature and upon the removal of guest molecules, the lp phase is the most stable form. In gas 
adsorption (such as Xe, CH4 or CO2), the lp phase transforms into the np phase at low vapor 
pressures, and the reverse transformation occurs at higher pressures (Figure 2.9).
183
 As the affinity of 
any adsorbate for the closed np form of the framework is always higher than for the open lp 
structure, the breathing effect in MIL-53 was predicted in a limited temperature range (150-350 K) 
regardless of the type of guest molecules.
183
 
2.2.3.4 Acceptable thermal and chemical stability 
The stability of MOFs is one of the crucial issues that directly affect the feasibility of their potential 
applications. Because of the strong bonds (e.g., C-C, C-H, C-O, and Metal-O) compose the 
frameworks, some of MOFs materials show high thermal stability above 250 °C. In general, MOFs 
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with small pores or low porosity would be more stable than those with large pore volume or pore size. 
For example, manganese (II) formate (internal diameter: 5.5 Å) can maintain single crystallinity after 
the complete guest removal at 150 °C.
189
 Zn(tbip) with pore diameter of 4.5 Å also retained its 
crystallinity over a prolonged heating at 350 °C.
190
 By contrast, in MOF with large pore volume and 
pore size, the coordination bonds between metal nodes and organic ligands are easily broken by 
reactive chemicals (even water), e.g., both NU-109 and NU-110 with large pores have great tendency 
to collapse and loss porosity upon the removal of solvent molecules.
141
 Due to the much stronger 
bonds between imidazole nitrogen atoms and Zn(II), ZIFs series have been confirmed as the most 
stable MOFs with exceptional chemical stability and thermal stability (decomposition temperature 
around to 550 °C).
144
 The structure of ZIF-8 can be maintained after immersion in boiling methanol, 
benzene, and boiling water for up to 7 days, or in 0.1 M and 8 M NaOH solution at 100°C for 24 
hours. ZIF-11 is also stable in water at 50 °C for 7 days. When carboxylate ligands are used, Zr-
based MOFs UiO-66, UiO-66-NO2 and UiO-66-Br show exceptional robustness towards 
concentrated acid (HCl, 1.0 M) and base (NaOH, 1.0 M).
191-192
 With tetratopic organic ligands, both 
MOF-525 and MOF-545 are chemically stable in methanol, water, and acidic conditions for 12 
hours.
193
 Furthermore, MOFs Ni3(BTP)2 constructed with pyrazolate ligands is stable in a wide range 
of aqueous solutions (pH = 2 to 14) at 100°C for 2 weeks.
194
 The above MOFs with high chemical 
stability are expected to have enhanced performance in the gas adsorption and separation from humid 
flue gas. 
2.2.3.5 Adsorption behaviours of MOFs 
The ability of porous materials to perform the desired function in a particular application is directly 
related to the size, shape, and volume of their pores. Pores are classified according to their size into 
four categories: ultramicropore, micropore, mesopore, and macropore as shown in Table 2.4.
195
 
These pores exhibit different adsorption behaviors as illustrated by different adsorption isotherm 
types classified by IUPAC in Figure 2.10.
196
 These adsorption isotherms are characteristics of 
adsorbents that are microporous (type I), nonporous and macroporous (types II, III, and VI), and 
mesoporous (types IV and V). The micropores can be considered as the filling of molecules into a 
nanospace where a deep potential field is generated by the overlapping of all the wall potentials thus 
leading to the adsorption isotherm with a steep rise at very low relative pressure and a plateau after 
saturation. However, the adsorption by a mesopore is not attributable to molecule-solid interactions 
but instead is dominated by capillary condensation, which is responsible for a sharp adsorption rise 
around the mid relative-pressure region. As to adsorption by a macropore and adsorption onto a 
nonporous surface, there is no essential difference between them. The differences between types II 
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and III and between types IV and V can be ascribed to the relative strength of fluid-solid and fluid-
fluid attractive interactions. The stronger fluid-solid attractive interaction compared to that of fluid-
fluid results in the adsorption isotherms of types II and IV, while opposite situation leads to types III 
and V behaviors. The type VI isotherm represents adsorption on nonporous or macroporous solid 
surfaces where stepwise multiplayer adsorption occurs. 
Table 2.4 Classification of pores
195
 
Pore type Pore size(Å) 
Ultramicropore <5 
Micropore 5-20 
Mesopore 20-500 
Macropore >500 
Different from the spherical or slit-shaped pores in conventional porous materials (e.g. activated 
carbons), the pores in MOFs are crystallographically well-defined shapes including square, 
rectangular and triangular, sometimes connected by windows, which may exhibit different adsorption 
profiles.
46
 For some flexible MOFs, structure transformation from nonporous to microporous occurs 
during the adsorption, the adsorption isotherm would be different from the conventional types 
(Figure 2.10). The adsorption isotherm could be a combination of types I and II or III (Figure 2.11).
46
 
The adsorption isotherm shows the type II isotherm at low pressure region. When pressure increases 
to a certain point A, the structure starts to transfer from nonporous to porous, and the isotherm begins 
to approach type I with a sudden rise. Then at point B the structural transformation is complete. If 
many structural transformations occur, a multistep adsorption profile would be observed.
46
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Figure 2.10 Classifications of adsorption isotherms 
by IUPAC
196
 
 
Figure 2.11 Adsorption isotherms for flexible 
frameworks which undergo a structure transformation 
from nonporous to porous. (Points A and B indicate 
the start and end of the structure transformation, 
respectively)
46
 
2.2.4 Multifunctional applications of MOFs 
Due to unique pore structures of MOFs as described in Section 2.2.3, MOFs have shown great 
potential in various promising applications as illustrated in Figure 2.12,
36
 including gas storage,
197-198
 
gas adsorption and separation,
140, 199
 catalysis,
200-203
 magnetic,
169, 204-207
 chemical sensor,
208
 drug 
delivery,
209
 biological application
210-211
 etc..  
Particularly, regarding the applications of MOFs in energy security and environmental remediation, 
MOFs are ideal adsorbents or membrane materials for gas storage and separation, including H2 
storage, CH4 storage and CO2 capture. Besides high porosity, the potential advantages of MOFs for 
gas storage and separation applications are based upon the following characteristics:
212
 (1) mutually 
isolated organic linkers making the frameworks more accessible to adsorbate,
163
 thereby increasing 
the potential amount of stored guest molecules; (2) crystalline nature allowing high precision 
computational modeling of their structures and thereby prediction of favorable guest binding sites; 
(3) a wide range of organic ligands and multiple cost-effective synthetic approaches allowing 
preparation of MOFs with tailorable structures (including post synthesis modifications) with 
optimized steric and chemical properties to enhance guest-MOF interactions; and (4) favorable 
adsorption-desorption kinetics indicative of the potential of both high flux and high separation 
factors for MOFs. In the following section, the application of MOFs in the field of selective gas 
adsorption and separation are discussed comprehensively. 
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Figure 2.12 Different potential applications of MOFs
36
 
2.3 Selective gas adsorption and separation on MOFs 
When taking considerations from energetic, biological, and environmental standpoints, efficient 
separation of small molecule gases (e.g. H2, N2, O2, CH4 and CO2) is becoming increasingly 
important. Selective adsorption and separation of small molecule gases are one of the most attractive 
research areas in MOFs applications. To date, numerous MOFs have displayed selective adsorption 
behaviour for small gas molecules, and some of these MOFs have also been evaluated for the 
separation performance by several techniques, including single adsorption isotherms, breakthrough 
experiments or gas chromatography separation. Further design and modification of the structures and 
pore properties of MOFs at the molecular level can improve their selective adsorption and separation 
performance. Both experimental measurements and theoretical molecular simulations have proved 
that some MOFs hold great potential for the separation of small molecule gases in an industrial 
setting. However, based on lab-scale researches, the scalability remains a significant challenge before 
the techniques can be fully applied in practical applications.
213-214
 
2.3.1 Mechanisms of adsorption and separation 
An adsorbent material with a high selectivity for certain component over the other components of the 
gas mixture is essential in the field of gas separation by selective adsorption. There are two main 
mechanisms for selective gas adsorption: size-based selectivity and adsorptive selectivity. In size-
based selectivity (also known as kinetic separation), MOFs material with small pore size may allow 
molecules with a certain kinetic diameter to diffuse into the pores, achieving the separation of the 
molecules based on size. For the separation of CO2/N2 and CO2/H2, the relatively similar kinetic 
diameters of the molecules (Table 2.5) would require materials possessing very small pores to 
operate the separation on a size-selective mechanism, which may restrict all gases to diffuse in the 
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material. Some MOFs do have small pore apertures in this size regime,
56
 however, almost all 
adsorbent materials that exhibit high surface areas and high adsorption capacities for CO2 have 
significantly larger pore size than the size of gas molecules. Therefore, most MOFs which apply to 
gas adsorption and separation are based on the mechanism of adsorptive phenomena. 
Table 2.5 Physicochemical properties of adsorbate molecules 
Gas CO2 CH4  N2 O2 H2 
Polarizability(×10
-25
 cm
-3
) 29.1 25.9  17.4 15.8 8.04 
quadrupole moment (×10
-40
 C∙m2) 13.4 0  4.7 1.3  
Kinetic Diameter (Å) 3.30 3.80  3.64 3.46 2.89 
Molar Mass (g/mol) 44.01 16.04  28.01 32.00 2.02 
Adsorptive separations (thermodynamic separation) means a mixture is separated based on 
differences in adsorption/desorption behaviour of distinct components in the mixture, owing to the 
different affinity between the different components in the gas mixture and the pore surface of MOFs. 
There are two important factors in the adsorptive separation processes by using MOFs, which are 
adsorption capacity and selectivity of MOFs. The adsorption capacity depends on the pores of the 
adsorbate and the working conditions (e.g. adsorption temperature and pressures). The selectivity is a 
more complicated, process-dependent property, even though it is still affected by the operational 
environment and the physicochemical properties of the adsorbent and the adsorbate. For selectivity 
originated from a physisorptive adsorption mechanism, the separation depends on the gas 
components having different physical properties (e.g. different polarizability or different quadrupole 
moment), resulting in a higher heat of adsorption of certain molecules over others. For instance, for 
the CO2/N2 separation involved in post-combustion CO2 capture, the higher polarizability (CO2, 29.1 
× 10
-25
 cm
-3
; N2, 17.4 × 10
-25
 cm
-3
) and quadrupole moment (CO2, 13.4 × 10
-40
 C·m
2
; N2, 4.7 × 10
-
40
 C·m
2
) of CO2 compared with N2 result in a higher affinity of the surface of the material for CO2.
215
 
Besides excellent mechanical properties, a promising MOFs for adsorption should have not only 
good adsorption capacity and selectivity, but also favorable desorption kinetics.
140
 
Alternatively, the chemical interactions between certain components in the gas mixture and surface 
functionalities of MOFs can also contribute to the adsorptive selectivity. The functionalities attract 
certain molecules in specific chemistry, leading to much higher selectivities than those obtained from 
purely physisorptive mechanisms. Like in the case of CO2/N2 separations, the susceptibility of the 
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carbon atom in CO2 can be attacked by nucleophiles, such as amine groups which are regarded as 
Lewis bases. The interaction between CO2 molecules and amine groups can result in highly selective 
adsorption of CO2 over N2. Similarly, in the case of O2/N2 separations in oxy-fuel combustion, the 
ability for O2 to participate in electron transfer reactions can lead to high selectivity of O2/N2 in the 
materials constructed from redox-active metal centers. 
2.3.2 Single-component isotherms 
Using experimental single-component gas adsorption isotherms is one of the most basic methods to 
evaluate the adsorptive selectivity of certain component from a gas mixture. The selectivity factor 
here can be defined as the molar ratio of the adsorption quantities at the relevant partial pressures of 
the gases, which is given by Eq. 2-1: 
𝑠𝑖𝑗 =
𝑞𝑖
𝑞𝑗⁄
𝑝𝑖
𝑝𝑗⁄
      Eq. 2-1 
Where qi represents the adsorbed quantity of component i, and pi is the partial pressure of component 
i. This selectivity factor provides a simple point of comparison for evaluating the performance of 
different MOFs. It is necessary to point out that the selectivity factor originates from single-
component adsorption isotherms and does not take into account the competition of gas molecules for 
the adsorption sites on the pore surface; therefore it does not represent the actual selectivity of a real 
gas mixture.  
In experiments, it is not easy to measure directly the adsorption selectivity of MOFs for gas mixtures. 
However, the selective adsorption performance of gas mixture can be predicted from the single-
component adsorption isotherms by modelling techniques, such as IAST.
216
 The IAST method which 
has been studied to evaluate gas mixtures relevant to post-combustion
151, 217-219
 and pre-
combustion
220-222
 CO2 capture, is a well-developed technique to describe adsorption equilibria for 
multi-components gas mixture using only data for the pure component adsorption without requiring 
direct experimental measurement or simulation of mixture adsorption.
216
 In this method, the single 
component isotherms of each species are collected at the same temperatures and fitted by an 
empirical model such as Freundlich, Langmuir and Dubinin-Radushkevich equations, and then IAST 
is applied with all the fitting parameters to predict the selectivity of the MOFs. Multicomponent 
predictions by IAST are very sensitive to deviations of these equations from the single-gas 
adsorption data and also depend upon the regression technique used to extract parameters from the 
single-gas adsorption data.
223
 There are two main assumptions in IAST, including 1) the components 
must both mix and behave as ideal gases; and 2) the surface of MOFs is homogeneous. It is 
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important to note, the accuracy of IAST decreases at very high mixture fractions of the less-adsorbed 
component, since under those conditions the computation involved in an IAST calculation requires 
integration of the single-component of the less-adsorbed species up to extremely high pressures.
224
 
The predict adsorption behaviours of gases mixture on flexible MOFs is also not accurately predicted 
by IAST in their usual form. It has also been reported that obtaining high accuracy fits to the 
adsorption isotherms can avoids any need to perform curve fitting with single-component data by 
Grand Canonical Monte Carlo (GCMC) simulations.
225
 
2.3.3 Breakthrough experiments and gas chromatographic separation 
Among different separation methods, the breakthrough experiment and gas chromatographic 
separation are relatively straightforward in experimentally evaluating the performance of MOFs. In a 
typical breakthrough experiment, the gas mixture steam is flowed through a “bed” packed with 
pressed sample, and then the composition of the outgoing gas stream is detected by gas 
chromatography or mass spectrometry. The difference in breakthrough times of two gases is 
representative of the selectivity of adsorbent. For CO2/N2 gas mixture, before the sample bed 
becomes saturated with adsorbed gas, the outlet composition will consist of almost pure N2 because 
of its lower affinity on the MOFs surface. After the bed is saturated with CO2 and breakthrough 
occurs, the outlet gas composition eventually corresponds to the initial gas composition. The 
adsorbed amounts of each gas can be estimated by integration of the breakthrough curves. Then the 
average selectivity can be defined as the ratio of the adsorbed amounts normalized by the initial 
composition of the gas mixture.
226
  
Breakthrough experiments have been performed to give qualitative evaluations on different MOFs 
for various binary gas mixtures, such as CO2/CO,
227
 CO2/N2,
227-230
 and CO2/CH4, 
10, 185-186, 227-229, 231-
235
 as well as ternary gas mixtures, such as CO2/N2/CH4,
228-229
 CO2/N2/H2O,
230
 and CO2/N2/O2.
236
 For 
example, the separation of CO2 from binary mixture (CO2/N2 and CO2/CH4) and ternary mixture 
CO2/CH4/N2 on MOF-508b were examined by fixed-bed adsorption.
228-229
 The results indicated that 
this MOF has moderated selectivities of CO2/N2 and CO2/CH4 at 303 K, which is lower than the 
selectivity of activated carbon. The separation of light gases over a column packed with CUK-1 was 
examined with standard volumetric techniques; results showed that CO2 had the longest retention 
time among the gases in a mixture of H2, O2, N2, CH4, and CO2.
237
 Yaghi and co-workers studied the 
adsorption performance of a 20% mixture of CO2 in CH4 on Mg2(dobdc).
231
 This MOFs shows 
8.9 wt% CO2 adsorption uptake and high preference of CO2 over CH4, and the selectivity of 
CO2/CH4 are higher than that of zeolite NaX under similar conditions. To compare the effect of 
different metal ions on CO2 adsorption, CO2 breakthrough measurement was also performed in 
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isostructural Zn2(dobdc), which took up just 0.35 wt% CO2, 96% less than the CO2 uptake in 
Mg2(dobdc). Dietzel et al. also compared the separation performance of CO2/N2 and CO2/CH4 
mixtures on Ni2(dobdc) and Mg2(dobdc) by breakthrough experiments, resulting in similar 
preferential adsorption of CO2 over N2 or CH4.
238
 Besides these MOFs, several other ZIFs have also 
been tested by breakthrough experiments for their performance in CO2 separation. Yaghi’s group 
examined several ZIFs for CO2 separation by breakthrough experiments: binary mixtures of CO2/CO 
at room temperature on ZIF-68, -69, and -70,
239
 CO2/CH4 on ZIF-20, -78 and -82,
10, 232
 and CO2/CH4, 
CO2/CO, or CO2/N2 on ZIF-95 and -100.
227
 These ZIFs are feasible for the separation of CO2 from 
other gases and have longer retention times for CO2 than BPL Carbon under the same conditions. 
The above results from breakthrough measurement provide the reliable laboratory basis of the 
separation performance of MOFs prior to scale-up. 
2.3.4 Molecular simulations 
Numerous conceivable MOFs structures can be prepared by proper design to fulfill the requirements 
of selective gas adsorption. However, it may be at least very impractical to synthesize and test all of 
the possible structures, especially in complicated conditions. The development of computational 
techniques is very critical to deal with this rash of novel materials, as computational techniques can 
describe the thermodynamic and transport properties accurately and screen for optimal capture 
materials quickly.
240
 In typical simulations, the interactions between the atoms can be described 
accurately using a (classical) force field, then molecular simulation can evaluate the thermodynamic 
and transport properties of both real materials and hypothetical materials based on force fields 
together with the crystal structure of the frameworks.
241
 Molecular simulations may provide us 
information that cannot be acquired by experiments and may explore some MOF systems for their 
optimized performances, such as in CO2 adsorbed amount, adsorption selectivity, adsorption kinetics 
etc. Simulations are also useful for the rational design of new materials (MOFs) for specific 
applications. In case of CO2 adsorption and separation in MOFs, there are three main theoretical and 
molecular simulation techniques in the literature, including density functional theory (DFT),
242-245
 
molecular dynamics (MD)
246-247
 and GCMC.
248-254
 Among these methods, GCMC has been proved 
as one of the most versatile techniques to investigate gas adsorption properties of MOFs, such as gas 
uptake and the heats of adsorption. GCMC simulations can evaluate the adsorption properties of pure 
gas on MOFs as well as the selectivity of gas mixtures. Because the selectivity is not easily 
accessible from experiments, GCMC simulations show a clear advantage to predict gas mixture 
separations.  
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Zhong and coworkers carried out the first computational study of CO2 separation in MOFs
253
 They 
investigated the separation behaviors of gas mixtures (CO2, CH4, and C2H6) in Cu-BTC with GCMC 
simulations. Tetrahedron-shaped pockets and square-shape pores were identified as two 
microdomains with different electrostatic field strengths. The different adsorption properties of the 
microdomains result in significant enhancement of gas separation. The CO2/CH4/H2 adsorption in 
MOF-5 and Cu-BTC were also examined and compared by Zhong and co-workers.
248
 The simulated 
results showed that the geometry and pore size play important role in gas separation. MOF-5 has 
only one type of channel in the structure and consequently shows general selectivity properties; 
whereas the framework of Cu-BTC has side pockets and main channels, which are responsible for 
the complicated selective behaviors. More importantly, the strength of electrostatic interactions can 
remarkably influence the gas separation performance, particularly for the gas components with 
different dipole moment or quadrupole. The selectivities of CO2/CH4 and CO2/H2 in Cu-BTC are 
significantly enhanced compared to those in MOF-5, as the exposed Cu
2+
 sites of Cu-BTC have 
strong electrostatic interactions with CO2 molecules. Farrusseng and co-workers
35
 performed a 
comprehensive study of adsorption energies for seven gases on IRMOF-1, IRMOF-3 and Cu-BTC. 
The experimental and simulated heats of adsorption matched very well with each other for IRMOF-1 
and IRMOF-3. However, the GCMC simulations gave larger adsorption energies for Cu-BTC, which 
was explained that the gas molecules can access the small pockets of Cu-BTC in the simulations but 
the molecules cannot access these pockets in experiments. The adsorption of CO2, CH4 and N2 on 
three ZIF structures with different topologies and compositions: ZIF-8 (SOD topology), ZIF-76 
(LTA topology), and ZIF-69 (GME topology) were also investigated by GCMC simulations.
255
 
Results showed that standard force fields were lack of accuracy to reproduce experimental data. A 
new force field optimized by experimental data was used to analyze the adsorption behavior and to 
screen the gas adsorption behavior on different MOF materials with imidazolate linkers. The 
simulations revealed preferential adsorption sites for CH4 on ZIF-8 are located in specific regions 
close to the organic imidazolate linker instead of the metal atoms. The computed Henry constants 
and isosteric heats of adsorption for CO2, CH4 and N2 on the three ZIFs show that the adsorption of 
CH4 and N2 is totally controlled by the van der Waals (vdW) forces interactions, whereas both vdW 
and electrostatic interactions especially the latter play important role in CO2 adsorption. 
2.3.5 Binary adsorption isotherms 
For the practical gas separation application of MOFs, the investigation from multi-components 
adsorption and diffusion (dynamics) experiments are essential. Although more than hundreds of 
MOFs have been reported and nominated as promising candidates for selective adsorptions,
140
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unfortunately, directly experiments about the co-adsorption of gas mixtures in MOFs remain largely 
unexplored and are limited in the literature to date, due to the limitation of equipment and 
appropriate calculation algorithms. In addition, practical separations of gas mixtures involve more 
variables than evaluations from single-component measurements.  
The separation of gas mixtures of CO2/CH4 in the flexible MIL-53(Cr) was examined by a variety of 
different techniques.
234
 In the gravimetric measurements, the static co-adsorption experiments were 
carried out according to the method reported by Keller et al.
256-257
 using a laboratory made gas 
dosing system connected to a commercial gravimetric adsorption device (Rubotherm 
Präzisionsmesstechnik GmbH).
258-259
 A step by step gas introduction mode was used, and after each 
equilibrium point was reached, the NIST Refprop data set was used for the calculations of mixture 
non-ideality. The concentration of CO2 and CH4 in the gas phase was deduced from the measurement 
of gas phase density via an equation of state and the composition of the adsorbed phase was then 
calculated from the measurements of pressure, weight and gas density.
256-257
 The uncertainties of 
adsorbed quantities are estimated to be less than ±0.5 mmol/g for CO2 and ±1.0 mmol/g for CH4. The 
simulated isotherms of gas mixtures were constructed by combining simulations in the lp and np 
form, the fraction lp/np being taken from Raman spectroscopy. This “composite” approach leads to a 
good agreement with the gravimetric measurements for equimolar while predictions underestimate 
adsorbed amount of CH4 for both CO2-rich 75-25 mixtures in the entire studied pressure (0-2.5 MPa) 
and CH4-rich 25-75 mixture at high pressure (>1.2 MPa).
234
 Later on, Maurin and co-workers used 
similar experiment setup (combining gravimetry, microcalorimetry, chromatographic gas dosing 
device and quasi-elastic neutron scattering) to understand the co-adsorption of CO2/CH4 in the 
zirconium terephthalate UiO-66(Zr) materials from both the aspects of thermodynamic and 
kinetic.
260
 The binary adsorption isotherms exhibited that the adsorbed amounts of CH4 are very 
small for both investigated gas mixture compositions (CO2/CH4= 50/50 and 75/25) while the CO2 
uptake remains rather high. The obtained selectivities of CO2/CH4 for both mixtures are about 5.5 at 
low pressure. Their predictions do not fit perfectly the experimental data for both binary mixtures, 
but the investigation confirmed that the adsorbed CO2 amounts for both mixtures are only slightly 
affected by the presence of CH4 in the gas phase, whereas the CH4 uptake drastically decreases. The 
simulated selectivity of CO2/CH4 was consistent with the experimental ones.
260
 Maurin’s group also 
performed a complete analysis of the CO2-CH4 co-adsorption in the mesoporous MOFs MIL-100(Cr) 
by means of a synergic combination of outstanding experimental and modelling tools.
261
 The 
volumetric measurement showed that MIL-100(Cr) has very large CO2 adsorption capacities and 
lower ones for CH4 due to the existence of unsaturated accessible metal sites, which interact 
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predominantly with CO2 molecules. The predicted selectivities from IAST model are very different 
from direct co-adsorption experimental data. The use of a more elaborated theory as the Real 
Adsorbed Solution Theory (RAST) combined with binary mixture adsorption data provides a 
significant improvement in the modelling of the co-adsorption equilibrium. The comparison between 
the co-adsorption experimental data and simulations indicated it is necessary to perform co-
adsorption measurements to accurately evaluate the separation performance of complex materials 
rather than simply performing predictions based on single gas adsorption isotherm measurements.
261
 
To assess the separation potential and to classify the isoreticular series of IFPs, Holdt et al. carried 
out binary adsorption of nearly equimolar mixture of CO2 and CH4 by a volumetric-chromatographic 
method.
262
 Both IAST and Tóth isotherm model were applied to predict the binary adsorption 
behaviour and show good excellent agreement with experimental data for the mixture adsorbed 
amount of all the IFPs. The adsorption experiments of CO2/CH4 mixture in different molar fraction 
on breathing MOFs MIL-53(Al) were carried out using an intelligent gravimetric analyser (IGA 
system) from Hiden Isochema.
263
 However they can only obtain the total adsorbed fluid mass at 
various total gas pressure from this instrument setup. The total adsorbed mass increases with CO2 
composition for all measurements reported in this work, as a consequence of the much larger affinity 
of CO2 than CH4. Binary adsorption equilibria of CO2/H2O have been studied for HKUST-1 and 
Ni/DOBDC using a volumetric system.
264
 In the binary adsorption experiments of CO2/H2O, water 
was first injected into the system. After reaching equilibrium, the water loadings were constant 
(varied 1.2% of their values) through the CO2 isotherm measurement processes because of the strong 
interactions between the MOF structures and H2O molecules. To measure the CO2/H2O co-
adsorption, they needed to assume that H2O molecules are strongly adsorbed and essentially not 
affected by CO2 adsorption. Results showed small loading of H2O does not decrease and may 
actually increase the CO2 adsorption on HKUST-1. The effect of H2O on CO2 adsorption on the 
HKUST-1 and Ni/DOBD is not as much as those on benchmark zeolite 5A and NaX. Möllmer et 
al.
265
 measured binary mixtures of CH4/N2 at 273, 298 and 323 K and up to 20 bar on IRMOF-1 and 
Cu-BTC, using a gravimetric method to determine the total adsorbed mass of CH4 and N2. The 
partial loading of CH4 and N2 was calculated by combining the gravimetric method and the van Ness 
method, and the results at low pressures are in excellent agreement with the results of other methods 
such as volumetric-chromatographic method. The selectivities of CH4/N2 mixtures of both IRMOF-1 
and Cu-BTC can be derived from binary adsorption experiments. 
In terms of exploring and optimizing materials for selective adsorption and separation, further 
laboratory measurements should be performed under conditions that are close to industrial processes. 
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For example, in the case of CO2 separation from flue gases, the lab-scale experiments should be 
carried out at high temperature with complicated gas mixture containing water, other toxic gases and 
low concentration of CO2. 
2.3.6 Adsorption and regeneration of MOFs 
For practical purposes, the regeneration of an adsorbent is an important aspect as it determines a 
large part of the operational cost of the adsorptive separation process. Using CO2 capture as an 
example, the primary cost in the capture process is the operational cost to regenerate the adsorbent 
after it has become saturated with CO2. The regeneration of an industrial solid adsorbent is usually 
accomplished via pressure swing adsorption (PSA), vacuum swing adsorption (VSA), temperature 
swing adsorption (TSA), or a combination of these processes.
266
 For the case of MOFs materials, the 
strength of the interaction of CO2 with the pore surface can be tuned to minimize the energy required 
for capturing a given amount of CO2. However, very little is known about long-term utilization and 
regeneration of these materials.  
In the study of mixture adsorption of CO2 and CH4 on NH2-MIL-53, when the sample column was 
flushed with He (0.8 mmol/min) and kept at a constant temperature of 30 °C, the concentration of the 
very weakly adsorbed CH4 drops almost immediately to zero, but also CO2 is desorbed in less than 
15 min. At elevated temperature, the regeneration is further accelerated, where a temperature of only 
80 °C is sufficient to remove all CO2 from the material.
188
 K
+
-sod-ZMOF could be regenerated under 
mild conditions (40 °C, He purging) and showed reversible and sustainable CO2 adsorption 
performance in 5 recycling runs, showing no deterioration in adsorption capacity.
267
 The 
approximate temperature for effective regeneration of the adsorbent samples was determined by 
regenerating at several temperatures in the range 398-523 K, with increment of 10 to 20 K. The 
capacity peaked at 423.15 K and then decreased with further increase in the regeneration 
temperature. The capacity of S2 remained stable even after 15 cycles of repeat measurements.
268
 
MIL-101(Cr) can be used up to five adsorption/desorption cycles without any change in dynamic 
adsorption capacity (80% of adsorbed CO2 could be desorbed by counter current purge of N2 at 
303 K without employing temperature.).
269
 Liu et al.
264
 compared the hydrothermal stability of 
HKUST-1 and Ni/DOBDC, by performing pure CO2 adsorption isotherms at periodic intervals for 
two MOF samples over the course of H2O and CO2/H2O mixture equilibrium measurements. And 
they found that the CO2 capacity of HKUST-1 decreases slightly after several runs, indicating that 
HKUST-1 would have degradation after water vapor adsorption and heat treatments. But for 
Ni/DOBDC, it has a higher CO2 capacity than benchmark materials (NaX and 5A zeolites). In 
addition Ni/DOBDC can maintain substantial CO2 capacity after multiple exposures to water vapor 
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and multiple thermal regeneration processes. The less intensive regeneration processes compared 
with benchmark materials and its hydrothermal stability make Ni/DOBDC promising for CO2 
capture from flue gases. 
2.4 Strategies to enhance CO2 selective adsorption in MOFs 
With regard to the application of MOFs in selective adsorption and separation, the design and 
modification of MOFs at the molecular level can be generally achieved through tuning or controlling 
their pore size and shape, functionalizing the pore surface, and taking advantage of the structural 
flexibility of some dynamic MOFs.
140
 Obviously, high CO2 capacity and high CO2 selectivity are 
desired for the applications of MOFs in CO2 capture. In fact, extensive research works have been 
done to enhance CO2 binding affinity in MOFs. Reported strategies can be summarized into the 
following categories: tailoring specific pore size and shape, enhancing chemical bonding and 
involving electrostatic force.
139, 270
 
2.4.1 Tailoring specific pore size and shape 
The pore sizes and shapes of MOFs material are crucial to the gas adsorptive separation processes. 
Therefore, these two parameters are usually the top-priority in selecting porous materials for a 
special separation. Because pore size and shape not only determine the specific size/shape exclusion 
but also affect the diffusion dynamics of target molecules.
140
 When the pore size of a microporous 
material is in between the kinetic diameters of two gas molecules (e.g.CO2: 3.3 Å; CH4: 3.8 Å) as 
presented in Table 2.5, the material can separate the two gases by a molecular sieving effect (or a 
steric effect). If the microporous material has the right size of pores, only the smaller molecule (CO2) 
can diffuse into the pores, whereas the larger molecule (CH4) is totally inaccessible. If the pore size 
is slightly bigger than the kinetic diameter of CH4 molecular, the material can separate the two gases 
in a kinetic way, which is obtained by the difference in diffusion rates of CO2 and CH4. When the 
pore size is big enough, both CO2 and CH4 can easily diffuse into the pores, the two gases may be 
separated by their different adsorption equilibrium, which is used in most of adsorptive separation 
processes.
36
  
Because the coordination linkage between metal ions and organic ligands can be predetermined, the 
size or length of a ligand is the key factor to design a MOF with desired pore size and shape. A short 
organic linker usually constructs framework with narrow open channels or small windows that 
connect to big pores. Both types of pores are desired for the separation of small molecules that has 
similar diameter, e.g. N2 and O2, CO2 and CH4. Under suitable conditions, a series of 3D frameworks 
M(HCO2)2 (M=Mg, Mn, Co or Ni)
189, 271-273
 can be synthesized with 1D channels, in which the big 
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cavities are connected by small necks. Especially, Mn(HCO2)2 selectively adsorb H2 and CO2 but not 
N2 and other gases with larger kinetic diameters.
189
 In both cases, the adsorption capacities of CH4, 
N2 and Ar was almost zero, which indicated size exclusion by the small pores. Mg(HCO2)2 and 
Mn(HCO2)2 also showed a remarkable selectivity of C2H2 adsorption over CO2, CH4, N2, O2, and H2 
at room temperature.
271
 Similarly, Yaghi and co-workers used zinc nitrate and eight imidazolate 
linkers with different functional groups to synthesis eight ZIFs with a GME topology, these zeolite-
like 3D structures have big cages that are connected by small gates,.
232, 274
 This type of porous 
structures are very promising for separations as large cages in the structure usually leads to a high 
uptake capacity for the component that is adsorbed on the material, while the small gates give rise to 
high selectivity.
232
 Within this series of ZIFs, the pore diameter was varied incrementally from 7.1 to 
15.9 Å and and the Im linker functionality altered from polar (-NO2, ZIF-78; -CN, ZIF-82) to 
nonpolar (-CH3, ZIF-79). Gas adsorptions and dynamic breakthrough experiments revealed that the 
selectivity of CO2/CH4 or CO2/N2 in these ZIFs are determined by the pore size and the functionality 
of the pore surface. Results showed that ZIF-78 is the most effective CO2 adsorbent and shows the 
highest selectivity for capture of CO2 from binary mixtures with CH4, N2 and O2. 
Molecular simulations were used to investigate the separation of the natural gas components 
(including CH4, CO2, C2H6, C3H8 and N2) in IRMOF-1 and Cu-BTC, and found that the separation 
efficiency are remarkably affected by the pocket/channel structure in Cu-BTC.
275
 Deng et al. 
reported the systematic expansion of a well-known MOF structure, MOF-74, from its original link of 
one phenylene ring (I) to two, three, four, five, six, seven, nine, and eleven (II to XI, respectively), 
afforded an isoreticular series of MOF-74 structures (termed IRMOF-74-I to XI) with pore apertures 
ranging from 14 to 98 Å (Figure 2.13).
36, 276
 Large molecules, such as vitamin B12 (largest size 
dimension: 27Å), metal-organic polyhedron-18 (MOP-18, 34 Å), myoglobin (spherical dimensions: 
21*35*44 Å), and green fluorescent protein (GFP, diameter: 34 Å and length: 45 Å) can pass 
through the pore apertures of IRMOF-74-IV, V, VII, and IX, respectively. 
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Figure 2.13 Perspective views of a single 1D channel of nine IRMOFs describing pore aperture and chemical 
structure of organic links used in the synthesis
36, 276
 
Organic ligands with multiple coordination sites and mode are also possible to construct a MOF with 
small pores suitable for gas separation, although the synthesis conditions would be difficult to 
control. For example, both Zn(dtp) (dtp=2,3-di-1H-tetrazolate-5-ylpyrazine)
277
 and Cd(tzc) 
(tzc=tetrazolate-5-carboxylate)
278
 showed selective adsorption of H2 and CO2 over N2 at low 
temperature. Since both dtp and tzc have multiple atoms available for coordination, which are 
responsible for the generation of the small pores in the resulted frameworks. Ultramicroporous 
MOFs can also be achieved by using a ligand with bulky noncoordinating species, which occupy a 
large space of the obtained framework, resulting in small pores. A typical example is PCN-13, which 
is constructed based on a predesigned anthracene derivative (9,10-anthracenedicarboxylate) and 
linked by distorted Zn4O(H2O)3 clusters, exhibits very rare gas-adsorption selectivity of O2/N2, H2/N2 
and H2/CO at 77 K.
279
  
Besides predesigned ligands and thereby pores, bulky groups can be anchored on the ligands 
(through covalent bonds) or on the open metal sites (through coordination) of MOFs by post-
synthetic modification (PSM).Then the pore size and shape of parent MOFs can also be tuned, 
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thereby achieving the selective adsorption and separation of gas mixtures.
143
 In the above methods, it 
is obvious that subtle pore control is very important for designing MOFs materials with highly 
selective separation performance. 
2.4.2 Enhancing chemical bonding 
There are two main strategies to enhance the CO2 binding affinity and selectivity in MOFs: 
incorporating open metal sites (OMSs) and introducing polar functional groups (Lewis basic sites, 
LBSs).  
2.4.2.1. Open metal sites 
A common approach for improving the affinity and selectivity of MOFs toward CO2 over N2 or CH4 
or other gases is to construct frameworks with exposed metal cation sites on the pore surface.
164, 238, 
280-282
 These open metal sites are typically obtained following desolvation of MOFs, where the 
solvent molecules (e.g.H2O, DMF) in the coordination sphere of the metal center are removed at 
elevated temperatures and/or under vacuum.
198, 270
 The OMSs serve as charge-dense binding sites 
and interact more strongly with CO2 in selective gas adsorption. The earliest studies of MOFs with 
exposed metal cation sites were performed mainly on Cu-BTC.
16, 20, 283-284
 Here, the coordinated 
solvent molecules on the axial sites of the paddlewheel units can be removed to provide open Cu
2+
 
adsorption sites. These sites interact more strongly with CO2 owing to the high charge density of the 
Cu
2+
 cation, resulting in a relatively high zero-coverage isosteric heat of adsorption (about 
34 kJ/mol).
16
 
The chromium-based MOFs MIL-100 and MIL-101 with BET surface areas of 1900 and 4230 m
2
/g 
have also been studied for adsorption of CO2.
285
 After the removal of the H2O molecules originally 
bound to the Cr
3+
 metal centers, these materials feature exposed Cr
3+
 sites, where the high charge 
density of Cr
3+
 affords a zero-coverage isosteric heat of adsorption of -62 and -44 kJ/mol, 
respectively.
280
 The storage capacities of CO2 are observed over 40 wt % for both compounds at 
50 bar and 304 K. It is important to note that these materials have high chemical and thermal 
stability. Both frameworks are water-stable and can be heated to 300 °C without degradation of the 
framework structure. In addition, these materials have been cycled tens of times with various gases 
over a 3 month period on different experimental setups.
285
 Snurr and co-workers studied the 
separation of CO2/CH4 mixtures using a carborane-based MOF with and without coordinatively 
unsaturated open metal sites.
286
 Their result showed the separation occurred according to adsorbate-
surface interactions and shows that the open metal sites have an influence in separation of 
quadrupolar and non-polar gas pairs. 
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The M2(dobdc) (M= Mg, Zn, Co, Ni, Fe ect.) structure type represents one of the most well-studied 
families of MOFs with exposed metal cation sites.
58, 287-293
 The high density of binding sites 
furnishing the hexagonal one-dimensional pores are responsible for high adsorption capacities of 
CO2 at 1 bar and 296 K, which are 19.8 wt% and 26.0 wt % for Zn2(dobdc) and Mg2(dobdc), 
respectively.
58
 Despite the relatively low surface area (SABET = 1495 m
2
/g), Mg2(dobdc) has the 
highest low-pressure gravimetric and volumetric adsorption capacity among the reported MOFs, 
demonstrating the importance of decorating the pores with a large number of high-affinity binding 
sites. The zero-coverage isosteric heat of CO2 adsorption among these frameworks is significantly 
affected by the metal substitution, wherein the highest affinity (-42 kJ/mol) and the weakest 
interactions (-26 kJ/mol) were observed for Mg2(dobdc) and Zn2(dobdc), respectively.
58
 The 
different isosteric heat of adsorption between the compounds is because the ionic character of the 
Mg-O bonds in Mg2(dobdc) are higher than that of Zn-O bonds in Zn2(dobdc), resulting in a higher 
partial positive charge on the Mg
2+
 metal centres, which consequently brings a greater degree of 
polarization on the adsorbed CO2 molecules.
58
 Importantly, the strong affinity for CO2 on 
Mg2(dobdc) gives rise to a higher CO2 uptake at low pressures and high temperatures (16.2 wt % at 
0.15 bar and 323 K), which is of great importance for post-combustion CO2 capture. 
2.4.2.2. Polar functional groups 
Incorporation of basic nitrogen-containing organic groups into MOFs is another strategy to enhance 
CO2 adsorption and separation abilities. The polar nitrogen-containing groups can perform as Lewis 
basic sites (LBSs) to enhance CO2 adsorption due to acid-base interactions between CO2 (acid) and 
the basic active centers in addition to the formation of organic carbamates.
165, 198, 270
 The interaction 
between the Lewis basic sites (LBSs) and the quadrupole moment of CO2 would induce the 
dispersion and electrostatic forces to enhance CO2 adsorption performances on MOFs. 
Functionalizing the frameworks by amine and its derivatives during or after the synthesis is the 
typical method for incorporating LBSs into MOFs. So far, three major types of nitrogen-
functionalized MOFs have been synthesized and studied: heterocycle (i.e., pyridine) derivatives, 
aromatic amine (i.e., aniline) derivatives, and alkylamine (i.e., ethylenediamine) bearing 
frameworks.
198
 Because of commercial availability, 2-aminoterephthalic acid (BDC-NH2) as a 
derivative of terephthalic acid has been extensively used as a good organic building block for 
construction of extended open frameworks,
9, 142, 294-297
 such as IRMOF-3,
17
 NH2-MIL-53,
185
 NH2-
UiO-66,
244
 [Zn-(BDC-NH2)(TED)0.5]
298
, USO-1-Al-A,
299
 USO-2-Ni-A,
299
 USO-3-In-A
299
 and MIL-
68(In)-NH2
300
 etc. In the structure of these complexes only carboxylate groups of H2ABDC ligand 
take part in metal bonding. The substituted amino groups do not coordinate metal centres, so they 
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may act as binding sites and provide strong affinity for CO2 molecules in the adsorption and 
separation process.
294, 297
 In particular, adding amine functionalities to the linkers of IRMOF-1 to 
produce IRMOF-3 provides 0.4 wt% improvement in CO2 uptake at 298 K and 1.1 bar, even though 
a decrease in the BET surface area of IRMOF-3 from 2833 to 2160 m
2
/g.
17, 35
 Compared to MIL-53, 
amino-MIL-53 using BDC-NH2 as the linker shows significant improvement in the selectivity of 
CO2/CH4. The main reason is that the presence of the amino groups together with the hydroxyl 
groups drastically enhances the affinity for CO2.
295
 
2.4.3 Involving electrostatic force 
The strength of electrostatic interactions can influence the gas separation especially for the gas 
components with different dipoles/quadrupoles.
165
 The introduction of electrostatic force into MOF 
structures is usually through metal ions doping and post-synthetic modification with polar species. 
The adsorption and separation of CO2/CH4 mixture on five MOFs were studied using molecular 
simulations.
301
 The simulation results indicated that the electrostatic interactions between CO2 and 
framework atoms give a slight increase in CO2 adsorption and a marginal decrease in CH4 adsorption 
and a higher selectivity in the CO2/CH4 mixture in all MOFs. The electrostatic interactions in 
IRMOF-13 and PCN-6 have stronger effect on selectivity than other non-catenated frameworks. The 
presence of extraframework ions can enhance the interactions with guest molecules and act as 
additional adsorption sites. The adsorption selectivity of CO2/CH4 in charged soc-MOFs is predicted 
to be the highest among various MOFs reported to date.
301
 After doping with Co metal ions, Co-
MOF-5 was found to have slightly higher adsorption capacities for H2, CO2 and CH4 at high pressure 
than pure MOF-5.
302
 The Co
2+
 ions are actually incorporated into the framework as unexposed metal 
sites that are less accessible to gas molecules, but these Co
2+
 ions still play an important role in the 
gas adsorption process. A post-synthetic method has been reported to modify a 3D non-catenated Zn-
paddlewheel MOF by replacing coordinated solvent molecules (DMF) with highly polar ligands (4-
(trifluoromethyl) pyridine).
217
 This modification introduces electrostatic force into the MOF structure 
and leads to considerable enhancement of CO2/N2 selectivity. The adsorption results indicated that 
the modification of MOFs by replacing coordinated solvent molecules with highly polar ligands or 
ligands featuring other chemical functionalities may be a powerful method for achieving new MOFs 
for other difficult separations.
217
 
Another way to introduce electrostatic force into MOF structures is the incorporation of carbon 
nanotubes (CNTs) into MOFs. This method can obtain better crystals and enhance the composite 
performance because of the unusual mechanical, thermoconductive, electroconductive and 
hydrophobic properties of the CNTs.
303-304
 For examples, hybrid composites of 59 wt.% acid-treated 
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multi-walled carbon nanotube (MWCNT) and MOF-5 exhibited significant improvement in specific 
surface area (SSA), H2 storage capacity at room temperature, and moisture stability, compared with 
those of MOF-5.
305
 The material by confining MOF-5 into the hollow space of MWCNTs displayed 
structure stability in atmospheric humidity greater than 3 days, and provide efficient protection 
against the decomposition of sensitive MOF-5.
306
 Xiang et al reported the incorporation of 0.034 
wt.% MWCNTs into Cu-BTC and found that unmodified Cu-BTC and [CNT@(Cu3(btc)2] have 
showed CO2 capacity of 295 and 595 mg/g, at 298 K and 18 bar, respectively.
307
 Similarly, Anbia et 
al. had synthesized a hybrid composite by incorporating 10 wt.% MWCNTs into MIL-101, and 
observed a significant enhancement in the CO2 adsorption capacity at 298 K and thermal stability in 
the composite material.
308
 The increment in the CO2 adsorption capacity of MWCNT@MIL-101 is 
attributed to the increase of micropore volume of MIL-101 by MCNT incorporation. Zhu and co-
workers synthesized carbon/MOFs composite by confined growth of HKUST-1 in the interspace of 
the vertically-aligned carbon nanotube (VACNT) arrays.
309
 The derived HKUST-1/VACNT hybrids 
exhibit larger surface area and porosity, higher CO2 adsorption amount, and better CO2/N2 selectivity 
than those in pure HKUST-1. The possible reason is that the curvature of planar graphene layers into 
cylinders in CNTs induces the electron transfer from the concave inner surface to the convex outer 
surface of CNTs, leading to higher electron density on the CNT external surface than inside CNT 
channels. Therefore, by growing HKUST-1 on the CNT external surface, the electrostatic 
interactions of CO2 adsorption may be enhanced.  
In addition, the combination of modification with CNTs and metal ions doping has been regarded as 
a new strategy for enhancing the CO2 and CH4 uptakes of MOFs. For instance, Park et al. 
incorporated Pt-loaded MWCNTs in-situ into the MOF-5 crystals to obtain a hybrid composite, 
which show higher nitrogen storage capacities than those in parent MOF-5s and Pt-loaded 
MWCNTs. This greatly enhanced hydrogen storage capacity could be attributed to the safely secured 
high porosities of the secondary receptor MOF-5.
310
 The adsorption capacities of CO2 and CH4 are 
improved by doping the CNT-modified HKUST-1 with Li
+
 ions.
307
 To achieve the enhancement, the 
Li content must be maintained at an appropriately low concentration as excessive Li doping leads to 
deformation of the frameworks. The combination of modification with CNTs and Li
+
 doping has 
provided a new strategy for enhancing the CO2 and CH4 uptakes of MOFs.
307
 
2.5 Summary 
As a new class of crystalline porous materials, MOFs can be precisely designed and synthesized 
based on the building blocks to form a desired framework by various synthesis approaches, which 
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involve a large variety of parameters such as temperature, solvent compositions, reagent ratios, 
reagent concentrations, and reaction time etc. Compared to traditional adsorbents (e.g. zeolites and 
activated carbons), MOFs possess a lot of unique structural properties and advantages, such as ease 
of design and synthesis, high crystallinity and porosity, adjustable pore sizes, controllable pore 
surface properties, rigid and flexible frameworks and suitable thermal and chemical stability. 
Therefore, MOFs can be recognized as promising adsorbent or membrane material for selective gas 
adsorption and separation.  
The mechanisms for selective gas adsorption in MOFs are mainly kinetic separation and 
thermodynamic separation. There are several approaches that have been developed to evaluate MOFs 
materials for separation-related applications, from single-component adsorption isotherms to 
breakthrough measurement of gas mixtures, from experimental investigation to computational 
investigation. High affinity for CO2 and high CO2 selectivity are desired for the applications of 
MOFs in CO2 capture. The design and modification of MOFs particularly at the molecular level can 
be generally achieved for special gas adsorption and separation. Specifically, tailoring specific pore 
size and shape, enhancing chemical bonding and involving electrostatic force are the effective 
strategies to improve CO2 selective adsorption in MOFs. 
However, there are still several factors that hinder further development of MOFs applications in gas 
adsorption and separation. Firstly, although several series of MOFs like MIL-101, MIL-53, and most 
ZIFs etc. have shown unusual thermal and chemical stability, the applications of MOFs like gas 
adsorption and separation is still largely limited by the lack of functional and selective sites in most 
ultra-stable MOF frameworks. Practical large-scale synthetic methods to provide more alternative 
chemically and thermally stable and cost-economic porous MOFs are urgently required. 
Secondly, the study of MOFs under conditions that simulate realistic working conditions (gas 
composition, temperature, and pressure) is essential for fully evaluating the performance of a given 
material. Indeed, the selectivity factors of MOFs for gas mixtures can obtain directly from the pure-
component isotherms, but they do not represent the true selectivity of the material in real gas 
mixtures. The direct measurement of multi-component isotherms may provide valuable scientific 
guidance for the evaluation, improvement and modification concerning the simulation of 
multicomponent gas adsorption on MOFs. However, due to the limitation of equipment and 
appropriate algorithms, more variables are involved in the practical separations of a mixture than 
evaluations from single-component measurements, the co-adsorption, diffusion, and breakthrough 
experiments of MOFs remain largely unexplored to date. 
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Finally, the majority challenges in the development of MOFs materials and application are the 
possibility to transfer the technology from the lab to industrial level that can be achieved by 
maximizing efficiency and minimizing costs. The combination of material synthesis, 
characterization, and computation requires plentiful of knowledge and expertise, which can only be 
afforded through extensive collaborations of scientists from different scientific fields.
36, 165
 
To address some of the issues mentioned above, the main target of this PhD project was to design 
and optimize effective strategies at the molecular level to improve MOFs’ performance in gas 
selective adsorption. Chapter 3 presents all the experimental setup and methods used within this 
research; in Chapter 4, optimization of synthesis conditions and activation conditions are presented 
to improve the gas adsorption capacity, this study set up the relationship between activation 
efficiency and porosity of MOFs; Chapter 5 describes experiments and simulations which were 
combined to investigate the suitability of predictive methods for the binary adsorption behaviour, 
aiming to provide guidance in screening MOFs materials for the separation of gas mixture at 
industrially relevant conditions; Chapter 6 describes novel amino-functionalized MOFs with open 
metal sites which were synthesized to enhance the selective CO2 adsorption performance, and then 
the relationship between multifunctional sites and selective adsorption behaviour of MOFs are 
established; Chapter 7 presents MOFs/CNTs composites with enhanced CO2 adsorption performance 
and selectivity of CO2 over N2 which were controllably synthesized, developing a novel method to 
fabricate hierarchical MOFs composite and to improve adsorption performance; Chapter 8 presents 
the overall conclusions and recommendations for future work. 
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Functionalized MIL-53 Metal−Organic Framework with Large Separation Power for CO2 and CH4. J. Am. 
Chem. Soc. 2009, 131 (18), 6326-6327. 
(296) Anbia, M.; Hoseini, V., Enhancement of CO2 adsorption on nanoporous chromium terephthalate (MIL-
101) by amine modification. J. Nat. Gas Chem. 2012, 21 (3), 339-343. 
(297) Sienkiewicz-Gromiuk, J.; Mazur, L.; Bartyzel, A.; Rzączyńska, Z., Synthesis, Crystal Structure, 
Spectroscopic and Thermal Investigations of a Novel 2D Sodium(I) Coordination Polymer Based on 2-
Aminoterephthalic Ligand. J. Inorg. Organomet. Polym Mater. 2012, 22 (6), 1325-1331. 
(298) Zhao, Y.; Zeng, H.; Li, J.; Wu, H.; Emge, T. J.; Gong, Q.; Nijem, N.; Chabal, Y. J.; Kong, L.; Langreth, 
D. C.; Liu, H., Enhancing gas adsorption and separation capacity through ligand functionalization of 
microporous metal-organic framework structures. Chemistry (Weinheim an der Bergstrasse, Germany) 2011, 
17 (18), 5101-5109. 
(299) Arstad, B.; Fjellvåg, H.; Kongshaug, K.; Swang, O.; Blom, R., Amine functionalised metal organic 
frameworks (MOFs) as adsorbents for carbon dioxide. Adsorption 2008, 14 (6), 755-762. 
(300) Wu, L.; Xue, M.; Qiu, S.-L.; Chaplais, G.; Simon-Masseron, A.; Patarin, J., Amino-modified MIL-
68(In) with enhanced hydrogen and carbon dioxide sorption enthalpy. Microporous Mesoporous Mater. 2012, 
157 (0), 75-81. 
(301) Babarao, R.; Jiang, J.; Sandler, S. I., Molecular simulations for adsorptive separation of CO2/CH4 
mixture in metal-exposed, catenated, and charged metal-organic frameworks. Langmuir 2009, 25 (9), 5239-
47. 
(302) Botas, J. A.; Calleja, G.; Sanchez-Sanchez, M.; Orcajo, M. G., Cobalt doping of the MOF-5 framework 
and its effect on gas-adsorption properties. Langmuir 2010, 26 (8), 5300-5303. 
(303) Han, J. T.; Kim, S. Y.; Woo, J. S.; Lee, G.-W., Transparent, Conductive, and Superhydrophobic Films 
from Stabilized Carbon Nanotube/Silane Sol Mixture Solution. Adv. Mater. 2008, 20 (19), 3724-3727. 
(304) Berson, S.; de Bettignies, R.; Bailly, S.; Guillerez, S.; Jousselme, B., Elaboration of P3HT/CNT/PCBM 
Composites for Organic Photovoltaic Cells. Adv. Funct. Mater. 2007, 17 (16), 3363-3370. 
(305) Yang, S. J.; Choi, J. Y.; Chae, H. K.; Cho, J. H.; Nahm, K. S.; Park, C. R., Preparation and Enhanced 
Hydrostability and Hydrogen Storage Capacity of CNT@MOF-5 Hybrid Composite. Chem. Mater. 2009, 21 
(9), 1893-1897. 
Chapter 2 Literature review 
65 
(306) Chen, X.; Lukaszczuk, P.; Tripisciano, C.; Rümmeli, M. H.; Srenscek-Nazzal, J.; Pelech, I.; Kalenczuk, 
R. J.; Borowiak-Palen, E., Enhancement of the structure stability of MOF-5 confined to multiwalled carbon 
nanotubes. physica status solidi (b) 2010, 247 (11-12), 2664-2668. 
(307) Xiang, Z.; Hu, Z.; Cao, D.; Yang, W.; Lu, J.; Han, B.; Wang, W., Metal–Organic Frameworks with 
Incorporated Carbon Nanotubes: Improving Carbon Dioxide and Methane Storage Capacities by Lithium 
Doping. Angew. Chem. Int. Ed. 2011, 50 (2), 491-494. 
(308) Anbia, M.; Hoseini, V., Development of MWCNT@MIL-101 hybrid composite with enhanced 
adsorption capacity for carbon dioxide. Chem. Eng. J. 2012, 191, 326-330. 
(309) Ge, L.; Wang, L.; Rudolph, V.; Zhu, Z., Hierarchically structured metal-organic framework/vertically-
aligned carbon nanotubes hybrids for CO2 capture. RSC Advances 2013, 3 (47), 25360-25366. 
(310) Yang, S. J.; Cho, J. H.; Nahm, K. S.; Park, C. R., Enhanced hydrogen storage capacity of Pt-loaded 
CNT@MOF-5 hybrid composites. Int. J. Hydrogen Energy 2010, 35 (23), 13062-13067. 
 
 
Chapter 3 Experimental details 
66 
Chapter 3 Experimental details 
3.1 Introduction 
A variety of experimental techniques were used in the synthesis and characterisation of MOFs. The 
MOFs were synthesized using either solvothermal synthesis or room temperature synthesis routes 
and characterised using a combination of the following techniques: SXRD, PXRD, FT-IR, TGA, 
EA, SEM and gas adsorption measurements. Simulation methods including GCMC and IAST for 
single and binary adsorption were also described. The major aim of this chapter is to describe the 
synthesis procedures and discuss the characterization techniques used in this work.  
3.2 Synthesis of MOFs 
The synthesis of MOFs in this work was performed by solvothermal methods: heating a mixture of 
organic linker and metal salt in a solvent system that usually contains formamide functionality. The 
mixture was put in teflon-lined stainless steel sealed autoclave and heated it up to 100 ˚C unless 
otherwise stated. All chemicals were purchased from commercial sources and used without further 
purification. 
3.2.1 Solvothermal synthesis and activation of Cu-BTC 
Cu-BTC was prepared by low temperature synthesis with some modification of previous works.
1-2
 
About 1.0 g trimesic acid was dissolved in 30 ml of a 1:1 mixture of EtOH/DMF. In another beaker, 
2.077 g Cu(NO3)2∙3H2O were dissolved in 15 ml water. Two solutions were then mixed and stirred 
for 10 min before transferring into a Teflon-lined stainless steel autoclave and heated at 373 K for 
12 h. The resulting blue crystals were isolated by filtration and washed by DMF twice. The crystal 
samples, referred as Cu-BTC (DMF), were divided into 6 equal shares and immersed into 15 ml of 
different solvents (CHCl3, CH2Cl2, acetone, ethanol (EtOH), methanol (MeOH) and H2O) to replace 
DMF from the crystal. The supernatant solvents were replaced with fresh exchange solvent every 
3 h for two days, thus ensuring a complete solvent exchange. The final products were separated by 
filtration and dried in a vacuum oven at room temperature for 2 h and 333 K for 8 h. The obtained 
samples were named as Cu-BTC (solvent), where the solvent in the bracket refers to CHCl3, 
CH2Cl2, acetone, EtOH, MeOH and H2O. All the samples were further degassed at 423 K under 
vacuum for more than 12 h prior to their characterization and adsorption analysis. The synthesis of 
all the 6 sample set was repeated to ensure that the observed trend was reproducible. 
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3.2.2 Solvothermal synthesis and activation of amino-functionalized MOFs 
Mg-ABDC: A reaction mixture of H2ABDC (0.0724 g, 0.4 mmol), Mg (NO3)2∙6H2O (0.204 g, 
0.8 mmol), DMF (6.0 mL) and ethanol (3.0 mL) was stirred for 10 min at room temperature 
forming a homogeneous solution. After that, the solution was heated to 90 °C for 48 h with heating 
rate of 1 °C/min. Burlywood crystals of Mg-ABDC were filtered off, washed with DMF, exchanged 
by ethanol three times in 2 days and then dried at 60 °C in a vacuum oven. 
Co-ABDC: A reaction mixture of H2ABDC (0.0362 g, 0.2 mmol), Co (NO3)2∙6H2O (0.116 g, 
0.4 mmol), DMF (7.0 mL) and ethanol (2.0 mL) was stirred for 10 min at room temperature 
forming a homogeneous solution. In the next step, the solution was heated to 125 °C for 48 h with 
heating rate of 0.5 °C/min. Darkviolet crystals of Co-ABDC were filtered off, washed with DMF, 
exchanged by methanol three times in 2 days and then dried at 60 °C in a vacuum oven. 
Sr-ABDC: A reaction mixture of H2ABDC (0.0362 g, 0.2 mmol), Sr (NO3)2 (0.0846 g, 0.4 mmol), 
DMF (6.0 mL) and ethanol (3.0 mL) was stirred for 10 min at room temperature forming a 
homogeneous solution. In the next step, the solution was heated to 125 °C for 48 h with heating rate 
of 1 °C/min. Light brown rod crystals of Sr-ABDC were filtered off, washed with DMF, exchanged 
by methanol three times in 2 days and then dried at 60 °C in a vacuum oven. 
3.2.3 Synthesis procedure of ZIF-8 and ZIF-8/CNTs composites 
ZIF-8 was prepared by a modified procedure in previous works.
3-4
 A solution of Zn(NO3)2∙6H2O 
(0.5866 g, 1.974 mmol) in 30 ml methanol was dropped into a 30 ml of 2-Methylimidazole 
(1.2980 g, 15.808 mmol) methanol solution under stirring. The mixture slowly turned to milky and 
was kept stirring for 2 h, followed by sonication for 1 h, and then the mixture was put into a 100 ml 
Teflon-line autoclave and heated at 363 K oven for 6 h. After the hydrothermal reaction, the ZIF-8 
nano-crystals were separated by centrifugation and washing with methanol for three times, finally 
the product was dried at 313 K under vacuum.  
Before the synthesis of ZIF-8/CNTs composites, CNTs were pre-treated with H2O2 (30%) by 
sonication for 1 h and refluxed at 383 K for 6 h, and then washed with deionised water by 
centrifugation/re-dispersion cycles for several times. After that the wet CNTs was filtered with 0.2 
μm pore size membrane filter and dried under vacuum. Finally well-dispersed CNTs were obtained 
with partially oxidized hydroxyl groups on the outer walls. All the ZIF-8/CNTs composites were 
also prepared under the similar solvothermal procedures of ZIF-8, except different amounts (5.1, 
14.7, 30.5, 50.6, 79.6 and 120.1 mg) of CNTs were well dispersed in Hmim methanol solution by 
repeating sonication and stirring process prior to adding the Zn(NO3)2∙6H2O methanol solution, 
whereas the total volume of solution were constant at 60 ml. The synthesized ZIF-8/CNTs 
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composites are referred to as ZCn with n from 1 to 6, for the different CNTs contents (5.1, 14.7, 
30.5, 50.6, 79.6 and 120.1 mg, respectively)  
3.3 Characterization of MOFs 
Various characterizations were conducted to determine the structure and properties of the materials. 
Before and after solvent exchange, viewing Microscope was used for preliminary observation of 
crystal shape. SEM was used for morphology determination. SXRD, PXRD, and X-ray 
crystallography were used to characterize the crystalline structure. Functional groups were 
characterized by FT-IR. The thermal stability of MOFs was characterized by TGA. EA was used to 
determine the complex formulation of MOFs.  
3.3.1 SXRD 
Single crystal X-ray diffraction (SXRD) is a non-destructive analytical technique which provides 
detailed information to facilitate the determination of the structure of a material. The information 
collected includes: crystal symmetry, unit cell dimensions, details of site-ordering, atomic positions 
and space group. These unit cell parameters can be used to verify if a structure is new or known in 
the literature by comparing this data with online databases.
5
 
In the experiment, suitable single crystals of each complex were carefully selected under a 
polarizing microscope and glued to a thin glass fiber. The crystal is mounted in the instrument such 
that all orientations of the lattice planes can be accessed by changing the geometry of the incident 
X-rays as well as the orientation of the crystal in relation to the detector. Once a data set is 
collected, the data is integrated to correct intensities for each hkl value, which are assigned to each 
spot in the diffraction pattern. All data were corrected for Lorentz and polarization effects, and the 
structures were solved by direct methods with SHELXS and refined with SHELXL.
6
  
3.3.2 PXRD 
Powder X-ray diffraction (PXRD) is a rapid analytical technique used for characterisation of 
crystalline materials. The sample is typically a powdered (polycrystalline) material which is 
composed of many small crystallites, thus it is possible that more than one crystal can satisfy 
Bragg’s law. Hence from a powder, the diffracted beams are cones of electron density reflected 
from the Miller planes (hkl), which resemble rings on the screen. These rings can be indexed and 
integrated to obtain a powder pattern. This technique is primarily used for phase identification as 
the powder pattern can be seen as a finger print of a specific structure. The resultant experimental 
patterns recorded were compared with simulated patterns from solved single crystal data to check 
for sample purity. The experimental data was compared with known powder diffraction patterns in 
Chapter 3 Experimental details 
69 
the literature to find out whether novel structures had been prepared. In this work, Powder X-ray 
diffraction (PXRD) patterns were collected with a Bruker Advanced X-Ray Diffractomenter (40 kV, 
30 mA) with Cu Ka radiation (λ=1.5406 Å) operated in the 2θ range from 5 ° to 50 ° and with a 
scan speed of 1 s/step and a step size of 0.05 °. 
3.3.3 FT-IR 
Fourier transform infrared (FT-IR) spectroscopy is one of the most common spectroscopic 
techniques used by organic and inorganic chemists. Infrared radiation is passed through the sample 
and a detector measures the energy of the transmitted radiation. Examination of this transmitted 
light shows how much energy has been absorbed at each wavelength. The spectrum produced 
shows at which particular wavelength the sample absorbed which in turn reveals details regarding 
the molecular structure of the material since different functional groups absorb at known 
characteristic frequencies. IR is used here to determine the types of functional groups present in the 
MOFs. In this work, IR spectra were collected on a Perkin Elmer Spectrum GX FT-IR spectrometer, 
16 scans were taken using a resolution of 4 cm
-1
. The IR spectra gave an insight into the nature of 
the functional groups of the organic linker molecules forming the framework structure of the MOFs. 
Namely, whether the carboxylic groups were free or bonded within the structure. 
 
3.3.4 TGA 
Thermogravimetric analysis (TGA) measures the mass change in a sample as a function of 
temperature, under a controlled atmosphere. It provides a quantitative measurement of the mass 
changes in a material associated with both material transitions and thermal degradation and thus can 
be used in the determination of the thermal stability and decomposition products of a material. The 
instrument used was a Perkin Elmer Instruments STA 6000 Thermo Gravimetric Analyser. Samples 
were heated at a rate of 10 K/min to a maximum temperature of 700 K in a flowing atmosphere of 
nitrogen. In this work, TGA was used to analyse the mass changes occurring on the degradation of 
the MOF structure. 
3.3.5 EA 
Elemental analysis (EA) has been used to elucidate the empirical formula of the MOF structures. 
Two different techniques have been employed to determine the complex formulation of these 
MOFs, the organic component by CHN analysis and the metal content by ICP. CHN has been used 
to quantify the percentage amounts of carbon, nitrogen and hydrogen in the MOF structures. CHN 
analysis was performed using a Carlo Erba NA 1500 Elemental Analyser. Typical sample mass was 
50 mg. Inductively Coupled Plasma (ICP) is an analytical technique which can be used to determine 
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the quantity of each metal present in a sample. This is a highly sensitive technique which can 
measure grams to 6 decimal places. In this work, a Thermo X-7 Series ICP-MS instrument was 
conducted by mixing the samples with Teflon. 
3.3.6 SEM 
The Scanning Electron Microscope (SEM) uses a focused beam of high energy electrons to scan the 
surface of a solid specimen. The electrons interact with the atoms at the surface producing signals 
which allows an image to be created by analysis of the secondary and backscattered electrons. The 
electron-sample interactions reveal information regarding morphology, composition and electrical 
conductivity of the surface of the sample. The MOFs materials are examined using a JEOL 6300 
field emission scanning electron microscope, with an accelerating voltage 15.0 kV. 
3.4 Evaluation of MOFs as selective gas adsorbents 
In the case of porous adsorbents, gas molecules can diffuse through the pores and adsorb on the 
walls, with the amount of gas adsorbed being dependant on a number of parameters namely, 
temperature, pressure, chemical and physical properties of both adsorbate and adsorbent. Gas 
molecules can also penetrate through the surface. Physisorption is an interaction via van der Waals 
forces of adsorbate and adsorbent and chemisorption is a chemical reaction between adsorbate 
molecules and the array of surface atoms. In addition, there are some other key differences 
differentiating physisorption and chemisorption: 
1) In physisorption, the heat of adsorption is of the same order of magnitude as the heats of 
condensation of gases whereas for chemisorption it is the heats of chemical reactions. 
2) The rate of adsorption in physisorption is rapid whereas in chemisorption the rate is 
dependent on the energy of activation of the chemical reaction.  
3) The adsorption isotherm in chemisorption is always a unimolecular process whereas in 
physisorption it can be either a unimolecular or multimolecular process. 
The measurement of adsorption of gases and vapours is widely used to determine properties such as 
surface area, pore volume and pore size distribution of solids. There are two different ways in which 
the gas or vapour adsorption can be measured, namely volumetrically or gravimetrically. In a 
volumetric measurement the amount of adsorption is determined by measuring the volume the gas 
occupies, this is obtained by the pressure difference before and after the data point. In a gravimetric 
measurement the increase in the weight of the sample is correlated to the amount of gas or vapour 
adsorbed. The experimental measurements of the amount adsorbed, v, as a function of pressure and 
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temperature can be plotted in the form of an adsorption isotherm as expressed in the following 
equation: 
𝑉 = ∫(𝑃)𝑇 Eq. 3-1 
3.4.1 Determination of Surface Area and Porosity 
A Micromeritics TriStar II 3020 surface area and porosity analyser was used for all nitrogen 
adsorption experiments. About 0.1 g of sample was degassed at 423 K under vacuum for 24 h prior 
to N2 adsorption. All the N2 adsorption experiments were then carried out at 77 K and results were 
analysed using Langmuir and BET theories.  
1) Langmuir theory 
Whenever a gas is in contact with a solid, equilibrium will be established between the gaseous 
phase and the adsorbed gases bound on the surface of the solid. The Langmuir theory describes the 
relationship between the numbers of active sites for adsorption on the surface as a function of 
pressure. The surface coverage can be calculated by the Langmuir equation: 
θ =
𝐾𝑃
1+𝐾𝑃
  Eq. 3-2 
which can be expressed in terms of pressure: 
𝑃
𝑉
=
𝑃
𝑉𝑚𝑜𝑛𝑜
+
1
𝐾𝑉𝑚𝑜𝑛𝑜
  Eq. 3-3 
However, the Langmuir equation is more applicable to chemisorption than physisorption as it 
assumes that the gas will only form a monolayer on the solid. For the Langmuir equation give an 
accurate measurement, the adsorbed gas has to behave ideally in the vapour phase, which can be 
fulfilled only at low pressures. Nevertheless, Langmuir equation can be better applied in 
microporous materials. 
2) BET theory 
Proposed by Brunauer, Emmett and Teller, BET theory is an extension of the Langmuir theory as it 
incorporates the concept of multimolecular layer adsorption. The BET equation is given below: 
𝑥
𝑉(1−𝑥)
=
1
𝑉𝑚𝑜𝑛𝑜𝐶
+
𝑥(𝐶−1)
𝑉𝑚𝑜𝑛𝑜𝐶
  Eq. 3-4 
Where x = P/P0, V is the STP volume of adsorbate, Vmon is STP volume of the amount of adsorbate 
required to form a monolayer, C is the equilibrium constant.  
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A key assumption used in deriving the BET equation is that the successive heats of adsorption for 
all layers except the first are equal to the heats of condensation of the adsorbate. It also assumes that 
there are no lateral interactions between adsorbed species. Although real solids do not conform to 
the assumptions of the BET equation, BET theory models the process of physisorption better than 
the Langmuir theory even though it is generally still not a good model for adsorption on 
microporous materials.  
In this work, BET and Langmuir surface areas and total pore volumes of the samples were 
determined from N2 adsorption isotherms at 77 K. Multipoint BET and Langmuir measurements 
were taken at relative pressures in the range of P/P0=0.1-0.3. The N2 pore volume was calculated 
from the N2 adsorption at 77 K at P/P0=0.995. 
3.4.2 CO2 and N2 ads-desorption isotherms at low pressure 
CO2 adsorption and desorption on samples was measured using a Micromeritics TriStar II 3020 
system by gradually increasing the system pressure from 0.1 kPa to 1 atm. About 0.1 g of sample 
was initially degassed at 423 K under a pressure of 10 mTorr until no further pressure drop was 
observed. The sample temperature was decreased to 273 -303 K and thereafter remained constant at 
273, 283, 293 and 303 K throughout the experiment. The sample temperature was monitored using 
a water bath. The variation in sample temperature was minimal (< 0.1 K). Desorption isotherm of 
the CO2 adsorbed in the sample was obtained by gradually decreasing the system pressure to 
10 mTorr.  
3.4.3 Single and binary components adsorption measurements at high pressure 
Figure 3.1 shows a flow path diagram of the BELSORP-BG system (BEL Japan) used in our 
experiments to measure the pure gas adsorption (CO2, N2 and CH4) as well as binary gas mixture 
adsorption (CO2/N2 and CO2/CH4 in different ratios) on MOFs. The system is equipped with a high-
pressure magnetic suspension balance (RUBOTHERM) to measure the adsorption isotherm of 
single gas and two-composition gases at high-temperature and -pressure, by combining the 
adsorption units using the gravimetric method and volumetric method, respectively. For single 
component adsorption, the adsorption isotherm is determined by the gravimetric method. The 
equilibrium pressure is measured by an absolute pressure gauge. The adsorption isotherm of binary 
gases can be determined by combining gravimetric method and volumetric method.
7-9
 The 
volumetric method gives the adsorption molar number (nads) using the equation of state for gas in 
Eq. 3-5 , and the gravimetric method gives the adsorption weight (wads) in Eq. 3-6. 
𝑛𝐴 +  𝑛𝐵 = 𝑛𝑎𝑑𝑠       Eq. 3-5 
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𝑛𝐴 ∙ 𝑊𝐴 +  𝑛𝐵 ∙ 𝑊𝐵 = 𝑤𝑎𝑑𝑠        Eq. 3-6 
𝑛𝐴 𝑎𝑛𝑑 𝑛𝐵 are the adsorption molar numbers of each adsorbate gas, 𝑊𝐴 𝑎𝑛𝑑 𝑊𝐵 are the molecular 
weights of each adsorbate gas, respectively. 𝑛𝐴 𝑎𝑛𝑑 𝑛𝐵 can be calculated by solving the system of 
Eq. 3-5 and Eq. 3-6. This unit uses a secondary sample cell for the purpose of improving the 
accuracy of the constant volume method. 
 
Figure 3.1 Flow path diagram of Belsorp-BG system 
In a typical experiment, about 1.0 g of MOFs sample was filled into the sample holder and degassed 
at 423 K for 12 h under vacuum (0.01 Pa). After the pre-treatment, pure gas isotherms of CO2, N2, 
and CH4 at 308 K were measured from 0.5 to 40 bar. The binary-component adsorptions of CO2/N2 
and CO2/CH4 were measured in two ratios (25/75 and 15/85) at the temperature of 308 K and 
pressure range of 0.25-3.00 bar.  
3.5 Simulations of single and binary adsorption 
3.5.1 Simulated adsorption isotherms by GCMC 
The Grand Canonical Monte Carlo simulation (GCMC) was employed for simulating single 
component and binary mixtures of CO2, CH4 and N2 adsorption on Cu-BTC. The simulation 
structure is referred from the framework structure reported by Chui et al.
10
 and the simulations were 
performed under a rigid framework assumption which has been found to be adequate when 
compared with a flexible framework for small gas adsorption on Cu-BTC.
11
 The adsorbed 
molecules’ structures are assumed to be multi-site molecule structures for CO2 and N2 while CH4 is 
assumed to be a single structure which has been justified by numerous publications. The UFF force-
field
12
 and charges
13
 have been referred to for the potential parameters used on the structure under 
rigid framework assumption. And the potential parameters used for the non-bond include; 𝜎𝑂𝑂 =
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0.305 𝑛𝑚, 𝜀𝑂𝑂 𝑘⁄ = 79 with atomic charge 𝑞𝑂(𝑒) =  +0.7  and 𝜎𝐶𝐶 = 0.28 𝑛𝑚, 𝜀𝐶𝐶 𝑘⁄ = 27  with 
𝑞𝐶(𝑒) =  −0.35  for CO2; 𝜎𝑁𝑁 = 0.331 𝑛𝑚, 𝜀𝑁𝑁 𝑘⁄ = 36 with atomic charge 𝑞𝑁(𝑒) =  +0.964 and 
 𝑞𝑐𝑒𝑛𝑡𝑟𝑒(𝑒) =  −0.482 for N2; and 𝜎𝐶𝐻4 = 0.305 𝑛𝑚, 𝜀 𝑘⁄ = 79  for CH4. The non-bonded 
interactions in the simulation include the repulsive interaction using Lenard-Jones 6-12 with long 
range correction and the electrostatic interaction using columbic law with 1.3 nm cut-off radius. The 
Lorentz-Berthelot mixing rules are applied for the various sites of interaction between adsorbed 
molecules and the framework. The Ewald summation technique has been used to handle the 
electrostatic interaction with the cancelling parameters of the width of Gaussian distribution, 
𝛼 = 2.4 and vectors = 10. The framework structure with a 1×1×1 unit cell (2.6343 nm) containing 
624 atoms has been used in the simulation in which the random results were found to be consistent 
with the 2×2×2 unit cell. Furthermore, the tabulation method with grid spacing 0.02 nm has been 
used for reducing the time for calculating the energy between adsorbed molecules and the 
framework.  
For comparison with the experiments, the simulation has been set up to follow the experimental 
conditions of high pressure adsorption up to 40 bar with temperature 35 °C. The simulation data has 
been collected from 20 million trial configurations. It is noted that presented pressures have been 
converted to fugacity by using the equation of state, and the fugacity in the simulation is controlled 
via the activity. The local isotherms at different pressures are calculated by a ratio between numbers 
of molecules in the simulation structure per accessible structure volume. The accessible volume is 
the volume where the total interaction potential between adsorbed molecules and framework is non-
positive. Finally, the simulated adsorbed amounts are in absolute quantities (including adsorbed and 
bulk phase). Thus, the total number of molecules in the simulation is converted to the excess 
quantity by deduction with the multiplication of the bulk density and the accessible pore volume of 
the framework. However, the adsorption isotherms are usually reported in unit of mmol/g. Thus, the 
isotherms can be directly calculated by the ratio between the numbers of molecule per total 
molecular mass in a unit cell of crystalline structure with conversion unit. 
 
3.5.2 Prediction of binary mixtures by practical methods 
The simulations of single and binary gas adsorption have been simulated by GCMC based on 
perfect structures which usually gives an overestimation when compared with experiment due to 
many factors such as pore blocking by solvent, imperfect structure throughout a sample etc. 
However, even though measured isotherms on a sample may not be ideal like the simulated 
isotherms, it is practically useful to use single component isotherms data from the real sample to 
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predict a multi-component system. IAST has been shown to be sufficient for predicting binary 
mixtures of CO2/CH4, CO2/N2 and CO2/O2 on Cu-BTC by comparing with simulation isotherms by 
GCMC.
14-15
 Thus, in this work a practical method such as the Langmuir equation is also employed 
by fitting with single component isotherms from experimental measurements. Then IAST is 
employed by incorporating with the fitting single isotherm equation to predict binary mixtures of 
CO2/N2 and CO2/CH4 with fractions following the experimental measurements. To compute IAST, 
it generally requires numerical techniques to solve the spreading pressure equations to find the pure 
component pressure that is evaluated with the total pressure. However, in the case of the Langmuir 
equation can be used to represent the adsorption isotherm of single component. The spreading 
pressure is given in Eq. 3-7:
16
 
𝑧 = 𝑄𝑚𝑎𝑥,𝑖In(1 + 𝑏𝑖𝑃𝑖
0)     Eq. 3-5 
And the evaluation of the pure component pressure can be solved explicitly; it is given in Eq. 3-8:  
𝑃𝑖
0 =
exp(𝑧 𝑄𝑚𝑎𝑥,𝑖⁄ )−1
𝑏𝑖
     Eq. 3-6 
After that, the 𝑃𝑖
0 is used to evaluate the adsorbed amount from single component isotherms. 
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Chapter 4 Enhanced activation procedures on Cu-BTC 
by various solvents 
 
4.1 Introduction 
Cu-BTC metal-organic framework has a unique cubic structure patterns with multiple pore 
and adsorption sites for facilitating strong adsorption. Once the coordinated solvent molecule 
is removed, the coordinative unsaturation of Cu
2+
 sites can be filled by prospective adsorbed 
molecules, hence the dehydrated Cu-BTC represents an ideal material for gas adsorption and 
storage. The method of preparation and activation of the synthesized samples significantly 
affects the gas adsorption in desolvated MOFs. Due to the high porosity and surface area, Cu-
BTC needs to be carried out very carefully during the preparing and evacuating steps. The 
large amount of coordinated solvent should be firstly removed under moderate conditions 
regarding pressure and temperature, prior to thermal activation at high temperatures. The aim 
of this chapter is to investigate solvent activation by examining different types of exchange 
solventa and compared their efficiency for pore evacuation. Both hydrophilic and 
hydrophobic solvents were used for the activation of Cu-BTC. Porous structure and 
adsorption of CO2 on Cu-BTC activated by different solvents were compared. The surface 
areas, pore volumes and CO2 adsorption capacities of our activated materials were found to 
be significantly larger than Cu-BTC reported in the literature. 
4.2 Contributions 
In this chapter, six different solvents (chloroform, dichloromethane, acetone, ethanol, 
methanol and water) were used in the activation process of copper based MOFs (Cu-BTC). 
Different activation solvents show different effects on the thermal stability, porous structure 
and CO2 adsorption of Cu-BTC. The CO2 adsorption capacities were highly dependent upon 
activation solvents and increased in accord with the increasing order of surface area. Cu-BTC 
with higher surface area can achieve higher CO2 adsorption. Identifying the key exchange 
solvent (methanol) in activation process of Cu-BTC not only provides efficient removal of 
the guest molecules from the pores but also maintain the structural integrity of the 
frameworks, thus MOFs with high porosity and enhanced adsorption properties can be 
achieved under effective activation conditions. 
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Abstract: Large surface area, high gas adsorption capacity and convenient synthesis methods 
make Cu-BTC metal-organic frameworks a promising adsorbent for gas separation of CO2/N2 
and CO2/CH4. This study examines the selective adsorption of CO2 on Cu-BTC through the 
experimental measurement of equilibrium adsorption capacities from pure fluids (CO2, CH4 
and N2) and mixtures of CO2/N2 and CO2/CH4. In binary adsorption measurements Cu-BTC 
exhibits equilibrium selectivities of approximately 26 and 7 for CO2 over N2 and CO2 over 
CH4, respectively. Numerical simulations were performed with a Grand Canonical Monte 
Carlo (GCMC) model to predict the adsorption capacities from pure fluids and binary 
mixtures. At pressures up to 5 bar the GCMC model gives reasonable predictions of the 
measured adsorption capacities for pure gases, but the model significantly over predicts 
adsorption capacities at pressures greater than 5 bar because the model is based on a perfect 
and pure Cu-BTC crystal. The GCMC model fails to provide a satisfactory fit of the binary 
adsorption measurements across the entire pressure range studied. Results showed that Ideal 
Adsorbed Solution Theory (IAST) model using best-fit parameters for Langmuir isotherms of 
each pure fluid provides more satisfactory predictions of CO2/N2 and CO2/CH4 than the 
GCMC model. This combined experimental and modelling approach can provide criteria to 
screen metal-organic frameworks for the separation of gas mixtures at industrially relevant 
compositions, temperatures and pressures. 
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5.1 Introduction 
Metal-organic frameworks (MOFs) have great potential as a new generation of chemically 
and structurally tuneable adsorbent materials for energy and environmental applications.
1-3
 
One of the most promising MOFs materials for capture of light hydrocarbons
4-7
 and CO2
8-13
 is 
Cu-BTC, also named HKUST-1, because this material has facile synthesis routes from low 
cost primary compounds that have been available in commercial quantities by BASF. In 
adsorption based processes, which are being studied as alternatives to conventional amine-
absorption processes, for CO2 capture from post-combustion flue gases or from sour natural 
gas fields one of the key performance criteria for the adsorbent is a high selectivity for CO2 
from the other gas species. However, direct measurement of adsorption from gas mixtures in 
the laboratory requires specialist experimental apparatus and there is only limited data 
available for binary adsorption experiments on novel materials such as Cu-BTC. An 
alternative approach to evaluate and screen new MOFs is to use molecular simulations such 
Grand Canonical Monte Carlo (GCMC) models. This study reports here experimental data of 
equilibrium adsorption capacities of Cu-BTC for binary mixtures of CO2/N2 and CO2/CH4 
together with predicted capacities from a GCMC model to investigate the reliability of such a 
simulation method for screening MOFs and for providing guidance to direct experimental 
efforts. 
Computational techniques such as GCMC simulation have allowed scientists and engineers to 
explore a large number of MOFs as potential adsorbents for gas separation processes across a 
wide range of operating conditions than could be achieved by laboratory experiments alone. 
Several groups have reported simulation results for the adsorption of gas mixtures on Cu-
BTC (a few illustrative examples are included in Table 5.1). For example, Martin-Calvo et 
al.
9
 used a GCMC model to predict the selective adsorption of CO2 on Cu-BTC from 
mixtures of CO2/CH4, CO2/N2 and CO2/CH4/C2H6/C3H8/N2 at pressures from 0.02 - 50 bar. 
Yang and co-workers have also reported their predictions for the selectivity of Cu-BTC, as 
well as some other MOFs, for CO2 from binary and ternary mixtures containing CO, N2, O2, 
CH4, C2H4 and C2H6 in several papers.
14-17
 Although molecular simulations are a powerful 
tool to screen potential new materials, these models are typically built around perfectly 
crystalline unit cells of the MOF at an atomistic scale; but real materials synthesised in the 
lab, or that may later be produced in a process plant, are likely to contain defects. Therefore, 
simulation results should be validated with experimental measurements of adsorption 
capacities. 
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Table 5.1 Examples of GCMC simulation results reported in the literature for adsorption of CO2 from 
gas mixtures on Cu-BTC 
Ref. Mixture(s) 
Conditions  
T, P  
CO2 Selectivity 
SCO2/gas-i  
Yang et al.(2006)
17
 
CO2/CH4  
CO2/C2H6 
25 °C 
0-20 bar 
SCO2/CH4=5.5-9.2 
SCO2/C2H6=0.25-1.60 
Yang et al.(2006)
16
 
CO2/H2 
CO2/CH4 
CO2/CH4/H2 
25 °C 
0-50 bar 
SCO2/H2=100-150 
SCO2/CH4=6-9.5 
S(CO2+CH4)/H2=120-150 
Yang et al.(2007)
15
 
CO2/N2 
CO2/N2/O2 
25 °C 
0-50 bar 
SCO2/N2=20-42 
SCO2/(N2+O2)=10-22 
Yang et al.(2008)
14
 
CO2/CO 
C2H4/CO2 
22 °C 
0-50 bar 
SCO2/CO=10-22 
SCO2/N2=7-1 
Martin-Calvo et al.(2008)
9
 
CO2/CH4 
CO2/N2 
CO2/CH4/C2H6/C3H8/N2 
25 °C 
0.02-50 bar 
SCO2/CH4=3-12 
SCO2/N2=16-57 
SCO2/CH4 from 5 gases=3-12 
Karra et al. (2010)
18
 
CO2/N2 
CO2/CO 
25 °C 
0-45 bar 
SCO2/N2=20-42 
SCO2/CO=5-21 
 
Experimental measurements to evaluate new adsorbents for gas separation applications may 
involve (a) measurement of adsorption capacities from gas mixtures or (b) measurement of 
pure fluid adsorption capacities then prediction of adsorption selectivity using an equilibrium 
model. The second approach is more common, requires less complex (and expensive) 
apparatus, and can serve as a valuable tool for preliminary screening of adsorbent materials. 
For example, the CO2 capture potential of a new adsorbent may be estimated based on the 
measurement of equilibrium capacities from pure fluids CO2 and a second adsorbate (i)
19-22
 
and calculation of an “ideal selectivity” using Eq. 5-1: 
𝑺𝑪𝑶𝟐/𝒈𝒂𝒔𝒊 =
𝑸𝑪𝑶𝟐/𝑷𝒄𝒐𝟐
𝑸𝒊/𝒑𝒊
 Eq. 5-1 
where 𝑸𝑪𝑶𝟐 and 𝑸𝒊 represent the quantity adsorbed of CO2 and another gas (N2, CH4 etc.), 
respectively; 𝑷𝑪𝑶𝟐 and 𝑷𝒊 represent the partial pressure of CO2 and the other gas. However, 
the ideal selectivity determined from single-component adsorption isotherms, may not 
represent the actual selectivity of gas mixture because the competition of gas molecules for 
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the adsorption sites on the pore surface has not been considered.
20
 More sophisticated models 
such as the Ideal Adsorbed Solution Theory (IAST)
23
 and Real Adsorbed Solution Theory 
(RAST) models that use the pure fluid equilibrium adsorption isotherms can provide more 
accurate predictions of the adsorption from gas mixtures than the “ideal selectivity”. An 
IAST model has been reported to predict adsorption from binary mixtures of CO2/CH4, 
CO2/N2 and CO2/O2 on Cu-BTC.
15, 24
 
Adsorption of species from concentrated gas mixture – which more closely represent an 
industrial such as CO2 capture from flue gas than dilute mixtures of CO2 in a carrier gas such 
as Helium – can be measured experimentally using a dynamic column breakthrough (DCB) 
apparatus fitted with appropriate instrumentation to measure effluent flow rates and 
compositions
25
 or with a static adsorption apparatus equipped with a means to determine the 
gas phase composition at equilibrium. Accurate DCB measurements with non-dilute gas 
mixtures also require a relatively large quantity of adsorbent (maybe at least 20 g), preferably 
in pellet or granule form, to fill a sufficiently large column and such quantities of novel 
MOFs may not be readily available. Direct analytical measurement of equilibrium gas phase 
composition can be performed on a volumetric or gravimetric adsorption apparatus using a 
specially designed gas sampling system with, for example, a gas chromatograph.
26-27
 Another 
approach applied by Keller et al.
28-29
 is to combine the gravimetric and volumetric adsorption 
methods in a single apparatus, which doesn’t require drawing a gas sample from the 
adsorption vessel. In this approach, the uptake of each component from a binary mixture can 
be determined with overall and component material balances. The BELSORP-BG instrument 
used in this study is based on the principle described by Keller et al. and the details of the 
experimental method are described in the next section.  
The reported adsorption capacities of CO2 on Cu-BTC measured using gas mixtures includes 
DCB measurements made by Hamon et al. and Wang et al.
24, 30
. For example, Hamon et al. 
found that the selectivity of Cu-BTC for CO2 over methane was in the range 4.8-11.5 for 
pressure 1.0-10.0 bar, respectively.
24
 In other work in addition to these CO2 studies, Möllmer 
et al.
31
 reported the adsorption of CH4/N2 binary mixtures on Cu-BTC at temperatures of 
(273, 298 and 323) K and pressures up to 20 bar, using a gravimetric method to determine the 
total adsorbed mass of CH4 and N2. The partial loading of CH4 and N2 was calculated by 
combining the gravimetric method and the van Ness method, and the results at low pressures 
are in excellent agreement with the results of other methods such as volumetric-
chromatographic method. This study provides comprehensive experimental data of binary-
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component adsorption equilibrium and selectivities of CO2/N2 and CO2/CH4 on Cu-BTC. 
Significantly, these experimental measurements allow us to validate multicomponent 
adsorption isotherms predicted using the IAST model and the GCMC simulations.  
5.2 Materials and methods 
5.2.1 Material synthesis. Cu-BTC was prepared by the synthesis procedure described in our 
previous work.
32
. About 1.0 g of trimesic acid was dissolved in 30 ml of a 1:1 mixture of 
ethanol and N, N-dimethylformamide (DMF), and in another beaker, 2.077 g of copper 
nitrate trihydrate was dissolved in 15 ml water. These two solutions were mixed and stirred 
for 10 min, then transferred to a Teflon-lined stainless steel autoclave, heated to 100 °C and 
held at temperature for 12 h. The resulting blue crystals were recovered by filtration, rinsed 
twice in DMF, and then soaked in methanol to remove the solvated DMF. The methanol was 
drained and replenished every 5 h for two days. The final product was dried at room 
temperature.  
5.2.2 Material Characterization. Powder X-ray diffraction (XRD) patterns were collected 
on a Bruker Advanced X-Ray Diffractomenter (40 kV, 30 mA) with Cu Kα radiation (λ = 
1.5406 Å) operated in the 2θ range from 5 to 50 ° and with a scan speed of 1 s/step and a step 
size of 0.05 °. The XRD pattern shown in Figure S5.1 of the Supporting Information was 
compared with a simulated pattern for Cu-BTC
7
 obtained from Cambridge Crystallographic 
Data Centre and indicates that Cu-BTC was successfully obtained. The morphology of the 
synthesized Cu-BTC was characterized using a JEOL 6300 field emission scanning electron 
microscope operated with an accelerating voltage of 8.0 kV. The SEM images (Figure S5.2) 
confirm that the octahedral shape of the Cu-BTC crystals was retained after the Cu-BTC had 
been subjected to high pressure gas sorption measurements. 
Nitrogen sorption isotherms were measured at -196 °C and relative pressures in the range 
P/P0= 0.005 to 0.995 with a Micromeritics TriStar II 3020 surface area and porosity analyser. 
Prior to the sorption measurement, 0.1 g of sample was degassed at 150 °C under vacuum for 
12 h. A typical reversible, Type I isotherm for N2 at -196 °C was obtained (Figure S5.3) 
which indicates the Cu-BTC sample is microporous.
33
 The Brunauer-Emmett-Teller (BET) 
specific surface area and total pore volume calculated were 1978 m²/g and 0.808 cm³/g, 
respectively. These values are lower than Cu-BTC’s theoretical N2 accessible surface area 
(2342 m²/g) and pore volume (0.845 cm³/g), but our results are comparable to experimental 
results reported by others.
34-37
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5.2.3 Gravimetric and Volumetric Measurements. Figure S5.4 (in the supporting 
information) shows a process flow schematic of the BELSORP-BG apparatus (BEL Japan) 
used to measure equilibrium capacities of CO2, N2 and CH4 on Cu-BTC from (1) pure fluids 
and (2) binary mixtures (CO2/N2 and CO2/CH4 in two ratios of mixture). The BELSORP-BG 
is equipped with instrumentation to measure adsorbed gas quantities simultaneously by a 
gravimetric method with a high-pressure suspension balance (RUBOTHERM) and by a 
volumetric method using a material balance on the gas phase. For adsorption from a pure 
fluid, the adsorption isotherm can conveniently be determined with just the gravimetric 
method. The uptake of each adsorbate from a binary mixture can be resolved through a 
calculation such as that described by Keller et al.
28-29
 using together the total number of moles 
adsorbed (nabs) determined in volumetric measurement and the total mass adsorbed (wabs) 
measured by the gravimetric balance. The set of algebraic equations to be solved 
simultaneously to resolve the component adsorption capacities are: 
𝑛𝐴 +  𝑛𝐵 = 𝑛𝑎𝑑𝑠    Eq. 5-2 
𝑛𝐴 ∙ 𝑊𝐴 +  𝑛𝐵 ∙ 𝑊𝐵 = 𝑤𝑎𝑑𝑠    Eq. 5-3 
where 𝑛𝐴 𝑎𝑛𝑑 𝑛𝐵 are the moles of each species in the adsorbed phase, and 𝑊𝐴 𝑎𝑛𝑑 𝑊𝐵 are 
the molecular weights of adsorbate. The measurement parameter resolution and uncertainties 
associated with BELSORP-BG system are shown in Table S5.1. The BELSORP-BG analysis 
software used a second order virial equation of state to calculate molar densities of the gas 
mixture.  
In a typical experiment, about 1.0 g of Cu-BTC was loaded into the BELSORP-BG sample 
holder and degassed at 150 °C for 12 h under vacuum (0.01 Pa). After the pre-treatment, 
adsorption capacities CO2, N2, and CH4 from pure fluids were measured at 35 °C and at 
pressures from 0.5 to 40 bar. The binary gas mixture measurements were made at 35 °C and 
pressures in the range of 0.25 - 3 bar. The pressure of binary measurements was limited in 
this study because we found in other measurements that the equation of state used in the 
BELSORP-BG analysis software did not give reliable predictions of density for the CO2-
containing mixtures at pressures above 3 bar. The determination of nads from gas mixtures is 
not trivial at elevated pressures as it relies on an iterative calculation with an appropriate 
equation of state to predict the densities of the gas mixture and uptake of each species. We 
plan to address this experimental limitation in future via implementation of more 
sophisticated, robust equations of state in the data analysis algorithms and modification of the 
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experimental procedure to allow checks of the fluid density-compositions at each equilibrium 
data point. 
5.2.4 Prediction of adsorption capacities using a Grand Canonical Monte Carlo 
simulation. The Grand Canonical Monte Carlo (GCMC) simulation method was employed to 
predict pure fluid and binary adsorption isotherms for CO2, CH4 and N2 on Cu-BTC. Our 
GCMC model was based on the rigid framework structure reported by Chui et al.;
38
 a rigid 
framework assumption which has been found to be adequate when compared with a flexible 
framework for modelling the adsorption of small gas molecules on Cu-BTC.
39
 Details of 
GCMC model are provided in Supporting Information.  
5.3  Results and discussion 
5.3.1 Pure fluid adsorption equilibria at 35 °C 
Pure gas adsorption capacities for CO2, CH4 and N2 on Cu-BTC measured on the BELSORP-
BG at 35 °C and pressures up to 40 bar are shown in Figure 5.1a and tabulated in the 
supporting information (Table S5.2). The shape of each of these isotherms corresponds to 
Type I in the IUPAC classification.
33
 The Cu-BTC adsorbs more CO2 than either CH4 or N2 
at all measured pressures with approximately 11.10 mmol CO2/g adsorbed at pressures above 
25 bar, 7.13 mmol CH4/g at 40 bar and 3.97 mmol N2/g at 40 bar. The CO2 isotherm features 
a steep slope at low pressures then levels out so that there is only a marginal increase in CO2 
equilibrium capacity at pressures above 25 bar. The high volumes of CO2 adsorbed at low 
pressures on Cu-BTC are associated with interactions between quadrupolar CO2 molecules 
and the partial positive charges on the coordinative unsaturated metal sites in the Cu-BTC 
structure.
22, 40
 The slope of the CO2 isotherm at P >10 bar is more gradual and the equilibrium 
relationship at the higher pressure is mostly dependent on the surface and pore volume of the 
Cu-BTC.
41
 The maximum equilibrium CO2 capacity measured in this study is lower than that 
measured in some other studies; for example, Yazaydin et al.
10
 reported 11.36 mmol CO2/g 
on Cu-BTC at a pressure of less than 5 bar. These significant differences in CO2 capacities of 
Cu-BTC reported in the literature are predominantly due to the wide range of synthesis and 
activation methods employed, which can affect the purity and degree of desolvation of the 
MOF structure.
10, 36
 These issues highlight the need to develop methods to translate 
predictions of GCMC simulations to adsorption capacities of real MOF structures.  
A Langmuir isotherm model (Eq.S5-1) was tested as an empirical correlation to represent the 
pure fluid adsorption capacities of CO2, CH4 and N2 on Cu-BTC at 35 °C. The best-fit 
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Langmuir model parameters obtained from a least-squares regression analysis are presented 
in Table S5.3. The deviations plots of (Qexp,i-QLang,i) in Figure 5.1b show the Langmuir model 
was able to predict adsorption capacities for each pure fluid with reasonable accuracy; this 
model has an standard deviation (SD) of 0.20 mmol/g for CO2, 0.04 mmol/g CH4 and 
0.01 mmol/g for N2, respectively.  
The predictions of the GCMC simulations are also shown in Figure 5.1a. At 0.5 to 5 bar the 
GCMC model also provides a reasonable prediction of the measured adsorption capacities 
with the |𝑄𝑒𝑥𝑝,𝑖 − 𝑄𝐺𝐶𝑀𝐶,𝑖| less than 0.60 mmol/g for each adsorbate at P<5 bar (Figure 5.1c). 
However, the GCMC model is a poor predictor of the equilibrium capacities CO2, CH4 and 
N2 on Cu-BTC at pressure above 5 bar. For example at 40 bar the |𝑄𝑒𝑥𝑝,𝑖 − 𝑄𝐺𝐶𝑀𝐶,𝑖| is up to 
3.6 mmol/g for CO2, 1.89 mmol/g CH4 and 1.07 mmol/g for N2. Across the full pressure 
range studied the standard deviation of the GCMC model fit to the measured data was much 
greater than for the Langmuir models with 1.61 mmol/g for CO2, 0.62 mmol/g CH4 and 
0.36 mmol/g for N2, respectively. The primary source of the deviations between the GCMC 
model predictions and the measured capacities is attributed to the assumption of ideal and 
perfect crystalline Cu-BTC in the GCMC simulation. However, the synthesized Cu-BTC in 
experiment was not made of perfect crystals and had a lower surface area (1978 m²/g) and 
smaller pore volume (0.808 cm³/g) than the theoretical values (2342 m²/g and 0.845 cm³/g), 
resulting in a reduced gas adsorption capacity.
5
 The simulated CO2 adsorption on Cu-BTC at 
25°C from the GCMC simulation method by our group
42
 is consistent with previous 
simulation by Walton’s group,18 but overestimates the isotherm when compared with the 
experimental results obtained here and also by Yaghi’s group.11 
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Figure 5.1 Pure fluid equilibrium adsorption capacities of CO2, CH4 and N2 on Cu-BTC measured at 
35 °C (a): experiment (scatter), Langmuir Fitting (dash line) and GCMC simulation (solid line); 
Deviation between the measured adsorption capacities and (b) the fitted from Langmuir Model and (c) 
simulated values from GCMC 
5.3.2 Binary mixture adsorption equilibria at 35 °C 
Adsorption capacities were measured at 35 °C and total pressures from 0.20 - 3.00 bar for 
CO2/N2 and CO2/CH4 mixtures containing 15 %vol. and 25% vol. CO2, respectively. In the 
binary mixture measurements the Belsorp-BG instrument automatically calculates the 
required dose of each component that needs to be added to the loading cell to target a 
constant gas phase composition at a pressure step, based on the data from the previous 
equilibrium point; the actual equilibrium concentration achieved may be slightly different 
depending on the adsorbent’s selectivity for each component. The uptake of components was 
predicted using IAST calculations and GCMC simulations. The IAST was implemented using 
the best-fit parameters from the pure fluid Langmuir isotherm models (Table S5.3) without 
adjustment. Figure 5.2 and Figure 5.4 compare the experimental data measured on Belsorp-
BG, the IAST and GCMC predictions for the binary mixtures of CO2/N2 and CO2/CH4 tested. 
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The adsorption capacities and equilibrium gas phase concentrations measured with the 
Belsorp-BG are listed in Tables S4-S7 in the Supporting Information. 
The binary mixture measurements confirm Cu-BTC is selective for adsorption of CO2 over 
N2 and CH4 for both CO2/N2 and CO2/CH4 ratios tested, which corresponds with the ideal 
selectivities inferred from the pure fluid adsorption capacities. The adsorbed amounts of CO2, 
CH4 and N2 from the binary mixed gases are lower than for pure gas adsorption, and the total 
adsorbed amounts of both gases together (CO2 + N2 or CO2 + CH4) in binary adsorption 
decreases (at comparable pressures) with lower CO2 concentration. The same pattern was 
found in the binary adsorption of CO2/CH4 on MIL-53 (Cr):
43
 the total adsorbed amount of 
CO2 + CH4 decreases as the CO2 percentage goes down (100%, 75%, 50% and 25%).  
CO2/N2 mixtures: As pressure increases in the CO2/N2 mixture, the adsorbed CO2 amount 
increases quickly, while N2 adsorption shows only a slight increase. For example, when the 
CO2 percentage of CO2/N2 mixture decreases from 25% to 15%, the CO2 adsorbed amount at 
3 bar decreases from 2.43 to 1.52 mmol/g, which is in line with the reduced partial pressure. 
However the N2 adsorbed amount has no obvious increase (Table S5.4 and S5.5). This shows 
that the CO2 adsorption is more sensitive to the change of partial pressure than N2 adsorption. 
Carbon dioxide has a much higher polarizability (CO2, 29.1×10
-25
 cm
-3
; N2, 17.4×10
-25
 cm
-3
) 
and quadrupole moment (CO2, 13.4×10
-40
 C∙m2; N2, 4.7×10
-40
 C∙m2) compared with N2, and 
consequently Cu-BTC has a higher affinity for CO2.
44
 Further, the electrostatic interactions 
between polar CO2 and exposed Cu
2+
 sites in Cu-BTC are stronger than that between N2 and 
Cu-BTC, which is more advantageous for CO2 adsorption.
16, 45
 
 
Figure 5.2 Binary adsorption of CO2/N2 in two ratios by experiments, GCMC and IAST (25/75 in 
black; 15/85 in blue; CO2 and N2 in experiments: scatter solid square and open triangle, respectively; 
CO2 and N2 in GCMC (black) and IAST (red): solid line and dash line, respectively.) 
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The deviation plot in Figure 5.3a shows that the GCMC simulation does not predict the CO2 
adsorption from CO2/N2 adequately and the CO2 capacities are significantly under-predicted 
by the GCMC model at pressure above 1 bar. The differences for N2 adsorption capacities by 
comparison are less than ±0.20 mmol/g over the entire studied pressure range. In contrast, the 
binary adsorption isotherms of CO2/N2 calculated with the IAST model are quite consistent 
with the measured isotherms (Figure 5.3). The deviations between the measured adsorption 
capacities (both CO2 and N2) and the IAST predicted adsorption capacities (Figure 5.3b) are 
less than ±0.30 mmol/g, which is significantly lower than from GCMC simulation. As can be 
seen from Table S5.8, the SD values from IAST model are much lower than corresponding 
values from GCMC. Because the IAST calculation is based on the measured pure gas 
adsorption isotherms, while the GCMC simulations depend on an ideal structure of Cu-BTC, 
it is reasonable that IAST can better predict the binary adsorption performance of CO2/N2. 
 
Figure 5.3 Deviation between the measured capacities in binary mixture of CO2/N2 and the values 
calculated from GCMC simulation (a) or IAST prediction (b) 
CO2/CH4 mixtures: The binary adsorption of CO2/CH4 on Cu-BTC (Figure 5.4) follows the 
same pattern as for CO2/N2. For CO2/CH4 (25/75), Cu-BTC adsorbs more CO2 than CH4, 
which can be explained by the different physicochemical properties of CO2 and CH4. Both 
gases have similar polarizabilities (CO2, 29.1×10
-25
cm
-3
; CH4, 25.9×10
-25
cm
-3
), but CO2 has a 
high quadruple moment while CH4 has none. The high microporosity combined with exposed 
metal sites in Cu-BTC enhance CO2 adsorption, while CH4 adsorption relies solely on the 
microporosity.
46
 The competition between CO2 and CH4 is much stronger than that between 
CO2 and N2, and the CO2 adsorption in CO2/CH4 binaries is suppressed more by competitive 
adsorption of CH4 than the corresponding situation with CO2/N2. For equivalent mixtures of 
CO2/N2 and CO2/CH4, the CO2 adsorption from the latter is consequently lower, and the CH4 
uptake much higher than for N2. For example, in the mixture of CO2/CH4 (25/75), the 
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adsorbed CO2 is more than double that of CH4, whereas at CO2/CH4 (15/85), the adsorption 
quantities of CO2 and CH4 are comparable (CO2 is a little higher than CH4). 
Similar to the case of CO2/N2, the GCMC simulation for CO2/CH4 fails to provide results that 
agree with experimental observations. In the case for CO2/CH4 (15/85), the GCMC simulated 
adsorption amount of CO2 is lower than that of CH4, which is the opposite of the experiment. 
There is a clear trend in the divergence of the GCMC based predictions and experiment 
(Figure 5.5a), with the simulation over-predicting more as the pressure increases. Part of the 
failure of the GCMC model for the binary adsorption cases may be due to its deficient 
simplifications: that the Cu-BTC materials are perfect crystals with totally empty pores, 
whereas in reality it is impossible to get perfect crystals and remove all the guest molecules 
from the pore channels. It may also be noted that the binary adsorption experiment is rather 
complicated and there are experimental uncertainties (Table S5.1) for the measurement of 
fluid density, weight, pressure and temperature amongst others. 
With respect to the binary adsorption of CO2/CH4 obtained from IAST, the predicted 
adsorption behaviours of both CO2 and CH4 show good agreement with the experimental 
results. The discrepancies of adsorption capacities between the measured values and the 
predicted result from IAST (Figure 5.5b) are in general of similar magnitude (within 
±0.2 mmol/g) for both CO2 and CH4 adsorption capacities, which probably reflects the limit 
of experimental accuracy.  
 
Figure 5.4 Binary adsorption of CO2/CH4 in two ratios by experiments, GCMC and IAST. (25/75 in 
black; 15/85 in blue; CO2 and CH4 in experiments: scatter solid square and open circle, respectively; 
CO2 and CH4 in GCMC (black) and IAST (red): solid line and dash line, respectively) 
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Figure 5.5 Deviation between the measured capacities in binary mixture of CO2/CH4 and the values 
calculated from GCMC simulation (a) or IAST prediction (b) 
5.3.3 Discussion of adsorption selectivity of CO2/N2 and CO2/CH4 
Selectivity factors 𝑆𝐶𝑂2/𝑁2  and 𝑆𝐶𝑂2/𝐶𝐻4  at 3 bar are determined and compared using the 
methods tested: Extended Langmuir model (Eq.S5-1) originating from pure gas adsorption; 
binary adsorption measurements; GCMC simulation; and IAST prediction (Table 5.2). 
Irrespective of method, the selectivity factors in both ratios tested (CO2/N2 at 15/85 and 
25/75) are almost the same, which means selectivity is quite insensitive to CO2 percentage at 
least in the range tested. This also applies to the CO2/CH4 mixture. 
The higher value of 𝑆𝐶𝑂2/𝑁2  compared with 𝑆𝐶𝑂2/𝐶𝐻4  indicates that Cu-BTC has stronger 
ability to separate CO2/N2 than CO2/CH4. The different selectivity behaviors can be attributed 
to the unique structure of Cu-BTC, which has two kinds of pores: main channels with a size 
of about 0.9 nm and side pockets with smaller diameter ~ 0.5 nm. This arrangement leads to 
stronger confinement effects, and the packing effect occurs at a low pressure (loading).
16, 47
 
For the three gases tested, CO2 has the highest polarizability, followed by CH4 and N2. Thus, 
electrostatic interactions between CO2-Cu-BTC are stronger than those between CH4-Cu-
BTC and much stronger than for N2-Cu-BTC.
13
 CO2 molecules first occupy the more 
energetically favorable sites (in the side pockets), followed by the less favorable sites (in the 
main channel), leading to a reduced contribution from adsorbate-adsorbent interactions as 
pressure increases.
22, 41
  
The adsorption selectivity of CO2/N2 of Cu-BTC derived from binary adsorption 
measurement is much higher than predicted by the Extended Langmuir model from single 
component adsorption. In adsorption of components from the binary mixture, the strongest 
adsorption sites are predominantly occupied by CO2 because of its greater polarizability and 
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quadrupole moment.
20
 The pure N2 isotherm does not experience this stronger competition 
for sites and consequently the expected N2 adsorption in CO2/N2 mixtures is over-estimated, 
thereby reducing the predicted selectivity of CO2/N2 mixtures. The selectivity factor for 
CO2/N2 obtained from single-component adsorption isotherms therefore does not correctly 
represent the actual experimental data.  
Interestingly, the selectivity of CO2/CH4 obtained by the Extended Langmuir model from 
single component adsorption does provide agreement with measurement of CO2/CH4, which 
means the selectivity of CO2/CH4 in binary mixture can be directly determined from pure gas 
adsorption using Extended Langmuir model. From the simulations, the selectivity factors 
calculated by GCMC or IAST also have quite comparable values for both ratios of CO2/N2 or 
CO2/CH4, confirming that the selectivity of CO2/N2 or CO2/CH4 is nearly independent of gas 
composition at low pressure (under 3 bar).
9, 15-16
 The GCMC simulations significantly 
underestimate the experimental 𝑆𝐶𝑂2/𝑁2values of CO2/N2 in both ratios tested. IAST based 
selectivity somewhat under-predicts the selectivity of CO2/N2, though not as much as the 
GCMC model does. The same pattern holds true for binary adsorption of CO2/CH4: the 
𝑆𝐶𝑂2/𝐶𝐻4  from GCMC is lower than experiment, while the 𝑆𝐶𝑂2/𝐶𝐻4  predicted by IAST is 
broadly in line with the experiment results.  
Table 5.2 Selectivity factors of CO2/N2 and CO2/CH4 obtained from binary adsorption at 3 bar 
Selectivity 
Factors 
CO2/N2 CO2/CH4 
25/75 15/85 25/75 15/85 
Sext Lang 19.69 19.69 6.37 6.30 
Sexp 22.98 26.48 6.37 6.66 
SGCMC 13.20 13.40 5.50 5.39 
SIAST 21.75 21.07 7.03 6.96 
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5.4 Conclusions 
This work presents the investigation on the gas adsorption performance of pure gas (CO2, 
CH4 and N2) and binary mixtures (CO2/N2 and CO2/CH4) on Cu-BTC. The CO2 adsorption 
capacity is much higher than for CH4, which is in turn higher than for N2. This also extends to 
adsorption from binary mixtures of CO2/N2 or CO2/CH4, where Cu-BTC shows strong 
preferential adsorption of CO2 over N2 or CH4. The adsorbed amounts of each gas from the 
binary mixed gases are lower than for pure gas adsorption, and the total adsorbed amounts of 
two gases together (CO2 + N2 or CO2 + CH4) in binary adsorption decreases with lower CO2 
concentration.  
Extended Langmuir model, GCMC simulation and IAST prediction are tested as methods for 
predicting the adsorption performance of binary mixtures. IAST gives a satisfactory 
prediction for the binary adsorption performance (isotherms, selectivity etc.) of CO2/N2 and 
CO2/CH4 on Cu-BTC. Because the GCMC simulations are based on the assumption of an 
ideal structure of Cu-BTC, the simulated result does not match well with the actual 
adsorption behaviours of CO2/N2 and CO2/CH4. 
For practical purposes, the binary adsorption performance of rigid MOFs materials as 
exemplified by Cu-BTC can be conveniently predicted from the single-component adsorption 
isotherms of the constituents of the mixed gas using IAST. The GCMC simulations show the 
same general trend while but are quantitatively somewhat different from experiment 
measurements.  
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SUPPORTING INFORMATION 
S5.1 XRD, N2 adsorption, SEM results 
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Figure S5.1 XRD patterns of Cu-BTC (synthesized and simulated) 
 
Figure S5.2 SEM images of Cu-BTC after adsorption 
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Figure S5.3 N2 ads-desorption isotherms of Cu-BTC at -196 °C 
S5.2 BELSORP-BG system (BEL Japan) 
 
Figure S5.4 Flow path diagram of Belsorp-BG system 
Table S5.1 Measurement parameter resolution and uncertainties associated with BELSORP-BG 
system 
Measurement parameter resolution Uncertainty 
weight 10
-5
 g ±3×10
-5
 g 
density 2×10
-6
 g/cm
3
 ±2×10
-5
 g/cm
3
 
sample temperature 0.1 °C ±0.2 °C 
Pressure (0-133kPa) 0.005 kPa ±0.25 % 
Pressure (134-2,000kPa) 0.05 kPa ±0.2 % 
Pressure (2,001-15,000kPa) 0.5 kPa ±0.2 % 
Chapter 5 Selective gas adsorption on Cu-BTC by experiments and molecular simulations 
107 
Table S5.2 Pure fluid equilibrium adsorption capacities of CO2, CH4 and N2 on Cu-BTC measured at 
35 °C 
Pressure 
(bar) 
CO2 
adsorbed 
(mmol/g) 
Pressure 
(bar) 
CH4 
adsorbed 
(mmol/g) 
Pressure 
(bar) 
N2 
adsorbed 
(mmol/g) 
0.55 1.77 0.61 0.44 0.60 0.14 
0.96 2.82 1.02 0.68 1.00 0.23 
1.91 4.81 2.01 1.19 2.02 0.43 
4.86 8.00 3.51 1.83 3.52 0.71 
--- --- 5.00 2.39 5.01 0.97 
7.94 9.35 7.98 3.34 8.00 1.42 
9.98 9.84 9.99 3.87 10.00 1.68 
14.95 10.53 14.96 4.91 14.99 2.26 
19.95 10.90 19.96 5.65 19.97 2.72 
24.92 11.10 24.97 6.20 24.95 3.12 
29.93 11.22 29.94 6.60 29.95 3.45 
34.91 11.28 34.95 6.90 34.94 3.73 
39.91 11.29 39.94 7.13 39.93 3.97 
 
S5.3 Simulation details of GCMC and IAST 
S5.3.1 GCMC: The GCMC simulations are employed for simulating adsorption isotherms of 
pure CO2, CH4 and N2 and binary mixtures of CO2/N2 and CO2/CH4 on Cu-BTC framework 
reported by Chui et al.
1
 The adsorbed molecules’ structures are assumed to be multi-site 
molecule structures for CO2 and N2 while CH4 is assumed to be a single structure which has 
been justified by numerous publications. The UFF force-field
2
 and charges
3
 have been 
referred to for the potential parameters used on the structure under rigid framework 
assumption. And the potential parameters used for the non-bond include; 𝜎𝑂𝑂 =
0.305 𝑛𝑚, 𝜀𝑂𝑂 𝑘⁄ = 79 with atomic charge 𝑞𝑂(𝑒) =  +0.7 and 𝜎𝐶𝐶 = 0.28 𝑛𝑚, 𝜀𝐶𝐶 𝑘⁄ = 27 
with 𝑞𝐶(𝑒) =  −0.35  for CO2; 𝜎𝑁𝑁 = 0.331 𝑛𝑚, 𝜀𝑁𝑁 𝑘⁄ = 36 with atomic charge 𝑞𝑁(𝑒) =
 +0.964 and  𝑞𝑐𝑒𝑛𝑡𝑟𝑒(𝑒) =  −0.482 for N2; and 𝜎𝐶𝐻4 = 0.305 𝑛𝑚, 𝜀 𝑘⁄ = 79 for CH4. The 
non-bonded interactions in the simulation include the repulsive interaction using Lenard-
Jones 6-12 with long range correction and the electrostatic interaction using columbic law 
with 1.3 nm cut-off radius. The Lorentz-Berthelot mixing rules are applied for the various 
sites of interaction between adsorbed molecules and the framework. The Ewald summation 
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technique has been used to handle the electrostatic interaction with the cancelling parameters 
of the width of Gaussian distribution, 𝛼 = 2.4 and vectors = 10. The framework structure 
with a 1×1×1 unit cell (2.6343 nm) containing 624 atoms has been used in the simulation in 
which the random results were found to be consistent with the 2×2×2 unit cell. Furthermore, 
the tabulation method with grid spacing 0.02 nm has been used for reducing the time for 
calculating the energy between adsorbed molecules and the framework.  
For comparison with the experiments, the simulation has been set up to follow the 
experimental conditions of high pressure adsorption up to 40 bar with temperature 35 °C. The 
simulation data has been collected from 20 million trial configurations. It is noted that 
presented pressures have been converted to fugacity by using the equation of state, and the 
fugacity in the simulation is controlled via the activity. The local isotherms at different 
pressures are calculated by a ratio between numbers of molecules in the simulation structure 
per accessible structure volume. The accessible volume is the volume where the total 
interaction potential between adsorbed molecules and framework is non-positive. Finally, the 
simulated adsorbed amounts are in absolute quantities (including adsorbed and bulk phase). 
Thus, the total number of molecules in the simulation is converted to the excess quantity by 
deduction with the multiplication of the bulk density and the accessible pore volume of the 
framework. However, the adsorption isotherms are usually reported in unit of mmol/g. Thus, 
the isotherms can be directly calculated by the ratio between the numbers of molecule per 
total molecular mass in a unit cell of crystalline structure with conversion unit. 
 
S5.3.2 IAST: Ideal adsorption solution theory (IAST) is applied to predict multi component 
adsorption isotherms based on parameters from equations, fitted with a measured pure 
component adsorption isotherm. In this work the Langmuir equation is employed to fit with 
measured isotherms of pure CO2, N2 and CH4 adsorbed on Cu-BTC. 
The form of Langmuir model (m=1)/Extended Langmuir (m>1) is given by Do et al..
4
 
𝑄𝑎𝑏𝑠,𝑖
𝐿𝑎𝑛𝑔 = 𝑄𝑚𝑎𝑥,𝑖
𝐿𝑎𝑛𝑔 𝑏𝑖𝑃𝑖
1+∑ 𝑏𝑗𝑃𝑗
𝑚
𝑗
  Eq.S5-1 
And the fitting parameters of pure adsorption isotherms can be found in Table S5.3. 
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Table S5.3 Langmuir model fitting parameters for pure CO2, CH4 and N2 adsorption on Cu-BTC at 
35 °C 
Adsorptive CO2 CH4 N2 
Qmax. (mmol/g) 12.38 9.98 7.22 
b (1/bar) 0.3502 0.0644 0.0305 
SD
#
 (mmol/g) 0.20 0.04 0.01 
#Standard deviation (SD):  𝑆𝐷 = √∑(𝑄𝐸𝑥𝑝,𝑖 − 𝑄𝐶𝑎𝑙,𝑖)2 /𝑛     Eq.S5-2 
where Qexp,i and QCal,i are the measured capacities and the values calculated by Langmuir 
fitting, respectively; n is the number of data points regressed. 
To compute IAST, it generally requires numerical techniques to solve the spreading pressure 
equations to find the pure component pressure that is evaluated with the total pressure. 
However, in the case of the Langmuir equation can be used to represent the adsorption 
isotherm of single component. The spreading pressure is given in Eq.S5-3
4
:  
𝑧 = 𝑄𝑚𝑎𝑥,𝑖In(1 + 𝑏𝑖𝑃𝑖
0)    Eq.S5-3 
And the evaluation of the pure component pressure can be solved explicitly; it is given in 
Eq.S5-4:  
𝑃𝑖
0 =
exp(𝑧 𝑄𝑚𝑎𝑥,𝑖⁄ )−1
𝑏𝑖
     Eq.S5-4 
After that, the 𝑃𝑖
0 is used to evaluate the adsorbed amount from single component isotherms 
and are plotted in Figure 5.2 and Figure 5.4, respecting total pressures. 
S5.4 Binary adsorption data from Belsorp-BG system 
Table S5.4 Binary adsorption raw data of 25/75 CO2/N2 at 35°C 
Pe 
(kPa) 
yCO2 
Gravimetric 
(g/g) 
Volumetric 
(ml[STP]/g) 
Fluid density 
(g/cm
3
) 
QCO2 
(mmol/g) 
QN2 
(mmol/g) 
24.066 0.054 0.009052 0.08 2.6099E-04 0.206 0 
46.545 0.165 0.020401 4.72 5.6173E-04 0.436 0.043 
62.871 0.366 0.030814 8.90 7.6820E-04 0.655 0.071 
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97.168 0.202 0.03777 11.91 1.1566E-03 0.78 0.124 
122.937 0.225 0.049175 16.36 1.4807E-03 1.033 0.132 
147.5 0.203 0.056644 19.50 1.7924E-03 1.176 0.174 
175.537 0.233 0.06864 24.55 2.1309E-03 1.404 0.244 
200.648 0.235 0.079409 28.64 2.4434E-03 1.655 0.234 
248.25 0.232 0.099866 36.89 3.0341E-03 2.083 0.292 
298.96 0.236 0.116622 43.65 3.6864E-03 2.432 0.342 
 
Table S5.5 Binary adsorption raw data of 15/85 CO2/N2 at 35°C 
Pe 
(kPa) 
yCO2 
Gravimetric 
(g/g) 
Volumetric 
(ml[STP]/g) 
Fluid density 
(g/cm
3
) 
QCO2 
(mmol/g) 
QN2 
(mmol/g) 
24.08 0.000 0.00533 -1.13 2.5659E-04 0.137 0 
41.451 0.101 0.01178 1.77 4.6943E-04 0.282 0.026 
72.841 0.084 0.01996 5.47 8.6617E-04 0.47 0.056 
96.43 0.101 0.02596 8.10 1.1263E-03 0.617 0.064 
123.432 0.108 0.03211 11.03 1.4376E-03 0.743 0.111 
148.3 0.115 0.03693 13.63 1.7482E-03 0.853 0.154 
173.474 0.120 0.0418 15.60 2.0163E-03 0.946 0.177 
200.842 0.142 0.04864 18.80 2.3624E-03 1.093 0.218 
248.934 0.138 0.06101 24.50 2.9180E-03 1.366 0.282 
299.099 0.144 0.06877 28.22 3.5370E-03 1.524 0.343 
 
Table S5.6 Binary adsorption raw data of 25/75 CO2/CH4 at 35°C 
Pe 
(kPa) 
yCO2 
Gravimetric 
(g/g) 
Volumetric 
(ml[STP]) 
Fluid density 
(g/cm
3
) 
QCO2 
(mmol/g) 
QN2 
(mmol/g) 
Chapter 5 Selective gas adsorption on Cu-BTC by experiments and molecular simulations 
111 
22.731 0.152 0.010291 1.88 1.8421E-04 0.234 0.000 
45.772 0.206 0.021942 7.91 3.8863E-04 0.447 0.142 
66.619 0.203 0.031218 12.70 5.7684E-04 0.616 0.255 
96.305 0.230 0.049581 20.82 8.9143E-04 0.998 0.352 
122.881 0.249 0.05704 25.11 1.1164E-03 1.120 0.483 
146.958 0.242 0.069004 30.41 1.3307E-03 1.368 0.547 
172.558 0.252 0.075392 34.17 1.5570E-03 1.470 0.667 
196.757 0.250 0.082472 37.97 1.8135E-03 1.595 0.766 
249.177 0.239 0.1003 46.70 2.2784E-03 1.937 0.938 
299.524 0.241 0.116578 54.80 2.7597E-03 2.245 1.108 
 
Table S5.7 Binary adsorption raw data of 15/85 CO2/CH4 at 35°C 
Pe 
(kPa) 
yCO2 
Gravimetric 
(g/g) 
Volumetric 
(ml[STP]) 
Fluid density 
(g/cm
3
) 
QCO2 
(mmol/g) 
QCH4 
(mmol/g) 
23.017 0.076 0.007014 1.03 1.3651E-04 0.159 0.000 
39.494 0.138 0.014552 5.00 2.9363E-04 0.295 0.098 
71.898 0.108 0.023394 10.29 5.4342E-04 0.432 0.273 
96.125 0.122 0.02975 14.30 7.0571E-04 0.524 0.417 
120.229 0.122 0.036819 18.07 8.8975E-04 0.649 0.515 
144.307 0.125 0.043008 21.68 1.0907E-03 0.748 0.628 
172.775 0.123 0.049352 25.50 1.3086E-03 0.846 0.755 
199.963 0.143 0.059555 30.80 1.5701E-03 1.032 0.881 
248.912 0.142 0.073137 37.74 1.9329E-03 1.283 1.040 
299.508 0.146 0.082659 43.67 2.3591E-03 1.423 1.249 
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Nomenclature 
Pe (kPa): Equilibrium pressure after adsorption. Pressure of adsorbate gas (gas1+gas2); 
Gravimetric (g/g): Total adsorbed weight per 1 gram of sample at each pressure point; 
Volumetric (ml[STP]): Total adsorbed volume accumulated (S.T.P) of sample at current pressure point; 
Fluid density (g/cm
3
): Fluid density of adsorbate gas; 
QCO2, QN2 and QCH4 (mmol/g): Adsorption capacity of CO2, N2 and CH4, respectively; 
yCO2: partial pressure of CO2 in the binary mixture of CO2/N2 and CO2/CH4, respectively. 
 
 
Figure S5.5 Total adsorbed amount of CO2/N2 and CO2/CH4 in both ratios 
Table S5.8 Deviations between the measured adsorption capacities and the values calculated from 
Extended Langmuir Model, GCMC Simulation and IAST prediction 
SD 
CO2/CH4 CO2/N2 
0.25CO2 0.75CH4 0.15CO2 0.85CH4 0.25CO2 0.75N2 0.15CO2 0.85N2 
Extended 
Langmuir 
0.072 0.038 0.038 0.018 0.123 0.017 0.076 0.026 
IAST 0.055 0.070 0.040 0.058 0.068 0.019 0.030 0.019 
GCMC 0.190 0.110 0.130 0.112 0.221 0.014 0.118 0.034 
  
Chapter 5 Selective gas adsorption on Cu-BTC by experiments and molecular simulations 
113 
Reference 
(1) Chui, S. S.-Y.; Lo, S. M.-F.; Charmant, J. P. H.; Orpen, A. G.; Williams, I. D., A Chemically 
Functionalizable Nanoporous Material [Cu3(TMA)2(H2O)3]n. Science 1999, 283 (5405), 1148-1150. 
(2) Rappe, A. K.; Casewit, C. J.; Colwell, K. S.; Goddard, W. A.; Skiff, W. M., UFF, a full periodic 
table force field for molecular mechanics and molecular dynamics simulations. J. Am. Chem. Soc. 
1992, 114 (25), 10024-10035. 
(3) Yang, Q.; Zhong, C., Molecular Simulation of Carbon Dioxide/Methane/Hydrogen Mixture 
Adsorption in Metal−Organic Frameworks. J. Phys. Chem. B 2006, 110 (36), 17776-17783. 
(4) Duong, D. D., Adsorption analysis: equilibria and kinetics. Imperial College Press: London, 
1998; Vol. 2. 
 
 
Chapter 6 Preparation of novel MOFs with open metal cation sites and Lewis basic sites 
114 
 
 
 
 
 
 
Chapter 6 Preparation of novel MOFs with open metal 
cation sites and Lewis basic sites 
 
 
 
 
 
This Chapter is in preparation for submitting to Dalton Transactions, as the following format: 
  
Chapter 6 Preparation of novel MOFs with open metal cation sites and Lewis basic sites 
115 
 
 
Synthesis and characterization of three amino-
functionalized MOFs for highly selective adsorption 
of CO2 over N2 
 
Ying Yang,
a
 Lei Ge,
a
 Lei Hou,
b
 Paul Bernhardt,
c
 Victor Rudolph,
a
 Zhonghua Zhu
a*
 
a 
School of Chemical Engineering, The University of Queensland, Brisbane 4072 Australia 
b College of Chemistry & Materials Science, Northwest University, Xi’an 710069, China 
c 
School of Chemistry and Molecular Biosciences, The University of Queensland, Brisbane 4072 Australia 
 
Abstract: Three novel amino-functionalized metal-organic frameworks (MOFs): Mg-ABDC, 
Co-ABDC and Sr-ABDC (ABDC = 2-aminoterephthalate) have been synthesized by 
solvothermal reactions from magnesium, cobalt and strontium metal centers and 2-
aminoterephthalic acid (H2ABDC). Single crystal structure analysis showed that Mg-ABDC 
and Co-ABDC were isostructural comprising two-dimensional layer structures, while Sr-
ABDC contained a three-dimensional motif. These amino-functionalized MOFs were further 
characterized by powder X-ray diffraction, thermal gravimetric analysis and N2 ads-
desorption. Adsorption isotherms of CO2 and N2 were obtained at various temperatures (0, 25 
and 35 °C) and then the adsorption capacity and CO2/N2 selectivity for the three MOFs were 
compared. Based on results, both Mg-ABDC and Co-ABDC decorated by the -NH2 groups 
and the open metal sites exhibit high heat of CO2 adsorption (> 30 kJ/mol) and excellent 
adsorption selectivity of CO2 over N2 (>375). In contrast, Sr-ABDC displays poor adsorption 
properties due to small pore size, low surface area and small pore volume. 
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6.1  Introduction 
It is a challenge to capture and sequester CO2 from flue gas to reduce greenhouse gas 
emissions.
1-2
 Owing to their high surface areas and chemically tunable porous structures, a 
large number of microporous metal-organic frameworks (MOFs) have been developed as 
new materials for CO2 capture and separation.
3-5
 Extensive research has focused on 
developing novel MOFs materials or enhancing the adsorption performance of existing 
MOFs.  
To date, there are several strategies to enhance the CO2 binding affinity and selectivity of 
CO2 over other gases in MOFs including ligand functionalization, construction of size/shape 
specific pores and polar pore walls, incorporation of open metal cation sites, and frameworks 
catenation and interpenetration.
6
 Among these strategies, the incorporation of polar functional 
groups, especially basic nitrogen-containing groups (e.g. aromatic amines, heterocycles, 
alkylamines etc.) into MOFs has been well investigated.
7-15
 The polar nitrogen-containing 
groups can perform as Lewis basic sites (LBSs) to enhance CO2 adsorption due to acid-base 
interactions between CO2 (acid) and the basic active centers in addition to the formation of 
organic carbamates.
5, 16-17
 The LBSs in MOFs may also induce dispersion and electrostatic 
forces to enhance CO2 adsorption and separation abilities of MOFs.
17-18
 To incorporate LBSs 
into the frameworks, the MOFs can be functionalized with amino ligands and their 
derivatives during or after synthesis.
17
 2-aminoterephthalic acid (2-aminobenzene-1,4-
dicarboxylic acid, H2ABDC) as a derivative of terephthalic acid, has been used extensively as 
an effective organic building block for construction of extended open frameworks,
6, 8, 19-22
 
such as IRMOF-3,
23
 NH2-MIL-53,
24
 NH2-Uio(Zr)-66,
11, 25
 [Zn-(BDC-NH2)(TED)0.5]
26
 etc. In 
the structure of these complexes only the carboxylate groups of the deprotonated ABDC
2-
 
ligand take part in metal bonding, while the substituted amino groups do not coordinate the 
metal centers, so they may act as binding sites and provide strong affinity for CO2 molecules 
in the adsorption and separation process.
19, 22
 To improve adsorption performance, adding 
amine functionalities to the linkers of IRMOF-1 to produce IRMOF-3 provides 0.4 wt% 
improvement in CO2 uptake at 25°C and 1.1 bar, even though there is a decrease in the BET 
surface area of IRMOF-3 from 2833 to 2160 m
2
/g.
23, 27
 Compared to MIL-53, amino-MIL-53 
which uses H2ABDC as the linker shows significant improvement in the selectivity of 
CO2/CH4, from ~7 at 1 bar to almost infinite selectivity at the same pressure. The main 
reason is that the presence of the amino groups together with the hydroxyl groups remarkably 
enhances the affinity for CO2.
6
 Another example is that even though the physicochemical 
Chapter 6 Preparation of novel MOFs with open metal cation sites and Lewis basic sites 
117 
properties (surface areas and pore volumes) of UiO-66(Zr)-NH2 are in very good agreement 
with those of UiO-66(Zr), UiO-66(Zr)-NH2 shows significant enhancement in adsorption 
enthalpies and working capacities for CO2 as well as higher CO2/CH4 selectivity.
11, 25
 
To build open metal sites (OMSs, or unsaturated metal centers, UMCs) in the frameworks is 
another common approach to improve the affinity and selectivity of MOFs toward CO2.
28-32
 
These OMSs are typically obtained upon the desolvation of MOFs, where the solvent 
molecules (e.g. H2O, DMF) in the coordination sphere of the metal center are removed at 
elevated temperatures and/or under vacuum.
5, 17
 The OMSs serve as charge-dense binding 
sites and interact more strongly with CO2 in selective gas adsorption, playing an important 
role in CO2 separation. Hence, the efficiency of solvent removal significantly affects the 
application of MOFs in gas adsorption and separation.
33-34
 The M2(dobdc) (M= Mg, Zn, Co, 
Ni, Fe etc., dobdc= dioxidoterephthalate) structure type represents one of the most well-
studied families of MOFs with exposed metal cation sites.
35-42
 In this M2(dobdc) series, 
frameworks with different metal centers have quite different CO2 capacities. In addition, the 
zero-coverage isosteric heat of CO2 adsorption for this series is significantly affected by the 
density of metal cation sites, wherein Mg2(dobdc) showed the highest affinity (-42 kJ/mol), 
while Zn2(dobdc) displayed the weakest interactions (-26 kJ/mol) among the compounds 
studied.
35
 The different isosteric heat of adsorption among the compounds is attributed to the 
difference in the ionic character of the metal-oxide bonds. The Mg-O bonds in Mg2(dobdc) 
have higher ionic character than Zn-O bonds in Zn2(dobdc), leading to a higher positive 
charge density on the Mg
2+ 
metal centers and facilitating a greater degree of polarization on 
the adsorbed CO2 molecules.
35, 42
 The high density of metal binding sites (4.6 per nm
3
) within 
the one dimensional pore channels of Mg2(dobdc) provides high adsorption capacity for CO2, 
reaching 19.8 wt% at 23 °C and 1 bar. 
35
 The outstanding CO2 adsorption performance makes 
Mg2(dobdc) an excellent adsorbent for CO2 capture, illustrating the importance of OMSs with 
high affinity to the selective gas adsorption.  
Combining the advantages of the above strategies, the CO2 binding affinity and selectivity of 
CO2 over other gases would be significantly enhanced by building MOFs with both polar 
functional groups and exposed metal cation sites. This study aims to prepare novel MOFs 
with both LBSs and OMSs, and the obtained frameworks would be expected to have high 
CO2 separation performance. Therefore, three novel amino-functionalized MOFs based on 
Mg, Co and Sr metal centers were synthesized by the solvothermal method. The CO2 and N2 
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adsorption behaviors of these MOFs including adsorption capacity, adsorption heat and 
selectivity of CO2/N2 were evaluated and compared. 
6.2  Experimental 
6.2.1  Reagents  
Magnesium nitrate hexahydrate, cobalt nitrate hexahydrate, strontium nitrate, 2-
aminoterephthalic acid (H2ABDC), N, N-dimethylformamide (DMF), ethanol and methanol 
were obtained from Sigma-Aldrich and used without further purification. The solvothermal 
reactions were carried out by heating the reaction mixtures in a 15 mL Teflon-lined autoclave 
to the desired temperature under autogenous pressure.  
6.2.2  Synthesis  
Mg-ABDC 
A reaction mixture of H2ABDC (0.0724 g, 0.4 mmol), Mg(NO3)2∙6H2O (0.204 g, 0.8 mmol), 
DMF (6.0 mL) and ethanol (3.0 mL) was stirred for 10 min. at room temperature forming a 
homogeneous solution. After that, the solution was heated to 90 °C for 48 h at a heating rate 
of 1 °C/min. Burlywood crystals of Mg-ABDC were filtered off, washed with DMF, 
exchanged by ethanol three times in 2 days and then dried at 60 °C in a vacuum oven. 
Co-ABDC 
A reaction mixture of H2ABDC (0.0362 g, 0.2 mmol), Co(NO3)2∙6H2O (0.116 g, 0.4 mmol), 
DMF (7.0 mL) and ethanol (2.0 mL) was stirred for 10 min. at room temperature forming a 
homogeneous solution. Then, the solution was heated to 125 °C for 48 h at a heating rate of 
0.5 °C/min. Dark violet crystals of Co-ABDC were filtered off, washed with DMF, 
exchanged by methanol three times in 2 days and then dried at 60 °C in a vacuum oven. 
Sr-ABDC 
A reaction mixture of H2ABDC (0.0362 g, 0.2 mmol), Sr(NO3)2 (0.0846 g, 0.4 mmol), DMF 
(6.0 mL) and ethanol (3.0 mL) was stirred for 10 min at room temperature forming a 
homogeneous solution. In the next step, the solution was heated to 125 °C for 48 h at a 
heating rate of 1 °C/min. Light brown rod-like crystals of Sr-ABDC were filtered off, washed 
with DMF, exchanged by methanol three times in 2 days and then dried at 60 °C in a vacuum 
oven. 
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6.2.3  Physical Methods 
The single-crystal structure analyses were performed on an Oxford Diffraction Gemini CCD 
Diffractometer (employing either Mo-Kα or Cu-Kα radiation) and operating in the ω scan 
mode. The structures were solved by direct methods with SHELXS and refined with 
SHELXL.
43
 Crystallographic data are given in Table 6.1. 
Table 6.1 Crystallographic Data for M-ABDC (M=Mg, Co, Sr) 
Frameworks Mg3(ABDC)3(DMF)4 Co3(ABDC)3(DMF)4 Sr(ABDC)(DMF) 
Formula C36H43Mg3N7O16 C36H43Co3N7O16 C11H12N2O5Sr 
FW, g/mol 902.74 1006.56 339.86 
Space Group Pbca (No. 61) Pbca (No. 61) Pmnb (No. 62) 
T, K 190 190 190 
a, Å 18.061(2) 18.128(2) 18.267(1) 
b, Å 26.186(7) 25.454(2) 7.3169(3) 
c, Å 9.753(3) 9.778(1) 9.9574(6) 
Volume, Å
3 
4604(2) 4512.2(8) 1330.9(1) 
Z 4 4 4 
ρcalc, g/cm
3 
1.302 1.482 1.696 
μ, mm-1 1.231 9.179 4.068 
λ, Å 1.54184 1.54184 0.71073 
Reflections measured 13577 6778 3717 
Independent Reflections 3650 2814 1587 
R(int) 0.0996 0.0557 0.0392 
Goodness-of-fit on F
2 
1.057 1.096 1.228 
R1
a
, wR2
b
 [I>2σ(I)] 0.1497, 0.3414 0.0959, 0.2455 0.0703, 0.1470 
CCDC no. 1016534 1016535 1016536 
a𝑅1 = ∑(||𝐹0| − |𝐹𝑐||) /|𝐹0|; 
b𝑤𝑅2 = [∑ 𝑤(𝐹0
2 − 𝐹𝑐
2)2 / ∑ 𝑤 (𝐹0
2)2]1/2 
Powder X-ray diffraction (PXRD) patterns were collected on a Bruker Advanced X-Ray 
Diffractometer (40 kV, 30 mA) with Cu Kα radiation (λ = 1.5406 Å) operating in the 2θ 
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range from 5 to 50° and with a scan speed of 0.3 s/step and a step size of 0.2 °. The recorded 
patterns (before desolvation) were compared with the simulated patterns from single crystal 
data using the Mercury program. 
Thermogravimetric analysis was carried out using a Perkin Elmer STA 6000 Thermo 
Gravimetric Analyzer. Before and after desolvation, the percentages of guest molecules 
inside the frameworks were calculated for each sample. To compare the sample before and 
after desolvation, Fourier transform infrared (FT-IR) spectra were collected on a Perkin 
Elmer Spectrum GX FT-IR spectrometer; 16 scans were taken using a resolution of 4cm
-1
.  
6.2.4  Evaluation of porous structure and CO2 adsorption 
A Micromeritics TriStar II 3020 surface area and porosity analyzer was used for N2 and CO2 
adsorption experiments. Prior to measuring the isotherms, about 0.1 g of sample was loaded 
in a sample tube, and then degassed at different temperatures (Mg-ABDC, 120 °C; Co-
ABDC, 150 °C and Sr-ABDC, 300 °C) under vacuum for 24 h. The sample tube was back 
filled with helium before removing from the degasser. All N2 adsorption-desorption 
experiments were carried out at -196 °C from the relative pressure of p/p°=0.005 to 
p/p°=0.995. The BET method was used to analyze the surface area and total pore volume at 
p/p°=0.995. After N2 adsorption, the samples were regenerated at 100 °C under a pressure of 
1.5 Pa until the pressure was stable. Then, adsorption equilibrium of CO2 from 3.5 to 
132.0 kPa at different temperatures (0 °C and 25 °C) was measured using the same 
instrument. The sample temperature was controlled by immersing the sample tubes in a 
temperature controlled water bath. The variation in sample temperature was minimal 
(<0.1 °C). The desorption isotherm of the CO2 loaded sample was obtained by gradually 
decreasing the system pressure to 3.5 kPa. 
CO2 and N2 adsorption isotherms at 35 °C up to 40 bar were measured on a BELSORP-BG 
system (BEL Japan). The system is equipped with a high-pressure magnetic suspension 
balance (RUBOTHERM) to measure the adsorption isotherm of single component. In a 
typical measurement, about 1.0 g of dried sample was placed in the sample holder and 
degassed at the required temperature for 10 h under vacuum (< 0.005 pa). After the pre-
treatment, pure gas isotherms of CO2 and N2 at 35 °C were measured from 0.5 to 35 bar.  
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6.3  Results and discussion 
6.3.1 Structural Description of M-ABDC (M = Mg, Co, Sr) 
 
Figure 6.1 Structural differences in M-ABDC (M=Mg, Co, Sr) (H atoms are omitted and N atoms are 
marked in blue) 
Single crystal X-ray diffraction indicated that the Mg-ABDC and Co-ABDC coordination 
polymers are isostructural and are based on a centrosymmetric, trimetallic cluster with the 
central metal occupying a centre of symmetry in a near ideal octahedral MO6 environment 
and a pair of symmetry related distal metal ions on general sites. All O-donors to the central 
metal ion are from carboxylate functional groups; four of them binding in a μ2-O:O' mode 
and two in a μ2-O mode. The symmetry related distal metal ions bear four carboxylate O-
donors (bridged to the central metal ion as just mentioned) and two monodentate O-bound 
DMF ligands and their coordination geometries are distorted octahedral. The trinuclear 
[Mg3(CO2)6] secondary building unit (SBU) is connected by six ABDC linkers to produce a 
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two-dimensional 3
6
 layer parallel to the ac plane. There are no solvent accessible voids in the 
structure. There are no channels along the b axis due dislocation of the neighboring layers 
along this direction. Notably, the DMF ligands of the distal metal atoms induce large 
separations of the adjacent layer along the b axis. Artificial removal of the DMF ligands from 
the model leaves 52.7% void volume for the Mg structure and 47.3% for the Co structure as 
calculated by PLATON
44
 between the two layers. The distance between the two layers is 
about 4.7 Å after subtracting the Van der Waals radii of the atoms. There is considerable 
disorder in both structures which affects the precision of the final result. Both DMF ligands 
adopt different positions in the Co structure with similar occupancies (40-60%) while in the 
Mg structure one coordinated DMF appears to be ordered (but with high thermal parameters) 
while the other is disordered over two positions. Coupled with this the aromatic amino groups 
are disordered. The ABDC ligand situated on a centre of symmetry necessarily has the amino 
group disordered between two symmetry related positions while the ABDC ligand on a 
general site finds the amino group disordered over three of the four available positions ortho 
to a carboxylate group. 
In Sr-ABDC, X-ray diffraction reveals a quite different structure. In this case the Sr atom and 
the ABDC ligand both occupy a centre of symmetry while a coordinated DMF is disordered 
about a crystallographic mirror plane. The complex is isostructural with Ca(ABDC)(DMF).
45
 
The Sr(II) ions are eight-coordinate comprising two 2 (chelating) carboxylates which also 
bridge a neighbouring Sr ion (μ2-η
1:η2), two monodentate bridging O-atoms from the same 
symmetry related carboxylates and two O-atoms from O-bound DMF (which also bridge 
adjacent Sr ions), generating a distorted bicapped trigonal antiprismatic geometry. A 1D 
metal-carboxylate chain along the a axis is formed, in which one oxygen atom of a DMF 
ligand bridges two Sr(II) atoms. The chains are further extended by H2ABDC linkers to 
generate a 3D framework. Notably, a rhomboidal channel about 4.6×3.6 Å
2
 (excluding Van 
der Waals radius) is produced along the a axis, in which the DMF ligands are accommodated. 
Upon (artificially) removing the DMF ligands from the model, the channel has a free void of 
35.0%
44
 with -NH2 groups of H2ABDC located along the wall. The coordinated DMF 
molecules point toward the channels. The amino groups of the ABDC ligands which extend 
into the channels are responsible for the small channels and lack of void space.
45
 As found for 
the Mg and Co structures the DMF ligand is disordered, in this case about a mirror plane and 
the aromatic amino group is disordered between two centrosymmetrically related positions. 
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To conclude, the different -NH2 arrangements in the three amino-functionalized frameworks 
would affect their adsorption performance. In addition, as the DMF solvent molecules 
complete the coordination sphere of the metal (II) ions in these MOFs, the OMSs would be 
expected to generate in the frameworks upon the effective removal of DMF molecules by 
solvent-exchange and evacuation.  
6.3.2 PXRD patterns of M-ABDC (M = Mg, Co, Sr) 
The PXRD patterns of synthesized samples shown in Figure 6.2 are well-matched with 
simulated patterns from the Single-crystal XRD calculation, which further confirms the phase 
purity of the bulk materials. The similar XRD patterns between Mg-ABDC and Co-ABDC 
demonstrate that they are isoreticular frameworks, which possess similar pore shapes and 
sizes. Similar results can also be observed between Sr-ABDC and Ca-ABDC (Figure S6.1). 
 
Figure 6.2 Comparison of XRD pattern from synthesis (red) and simulation (black) 
6.3.3 Thermal gravimetric analysis (TGA) of M-ABDC (M = Mg, Co, Sr) 
Thermogravimetric analysis was performed to study the thermal stability of these new 
frameworks and the results are shown in Figure 6.3 and Figure 6.4. Before activation (Figure 
6.3a), the weight losses below 100°C are assigned to the residual ethanol molecules, the 
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surface DMF molecules and adsorbed moisture, which are 1.16, 1.65 and 4.25% for Mg-
ABDC, Co-ABDC and Sr-ABDC, respectively. The second weight losses of Mg-ABDC and 
Co-ABDC from 150 °C represented the desolvation of DMF guest molecules. As to Sr-
ABDC, there is negligible weight loss up to 400°C after the initial weight loss, suggesting the 
completion of DMF removal. As can be seen from Figure 6.4a, further weight losses occurred 
up to 370 °C, 510 °C and 575 °C for Co-ABDC, Sr-ABDC and Mg-ABDC, respectively, 
corresponding to the decomposition of the frameworks. 
In this study, the optimal activation process was to apply ethanol or methanol as the exchange 
solvents followed by thermal evacuation of the exchange solvents. After activation (Figure 
6.3b), the compared TGA results show that Sr-ABDC is the most thermally stable 
coordination network up to 400 °C, while the thermal stability of other two samples is up to 
about 300 °C. Both the calculated residual percentages of Sr-ABDC are higher than the 
theoretical values with or without solvent removal (Table S6.1), indicating that the solvent 
molecules have been completely evacuated from the 3D pores. However, the calculated 
residual percentages of frameworks after solvent removal are slightly lower than the 
theoretical results for Mg-ABDC and Co-ABDC, as shown in Table S6.1, which means the 
coordinated guest cannot be fully removed from these two frameworks. 
 
Figure 6.3 TGA results of M-ABDC (M=Mg, Co, Sr) before activation (a) and after activation (b) 
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Figure 6.4 DTG curves of M-ABDC (M = Mg, Co, Sr) 
6.3.4 Porosity of M-ABDC (M = Mg, Co, Sr) 
 
Figure 6.5 N2 ads-desorption isotherms of all frameworks at 77 K 
To determine the surface area and porosity of the synthesized MOFs, N2 ads-desorption 
experiments were carried out. From the adsorption isotherms shown in Figure 6.5, both Mg-
ABDC and Co-ABDC exhibited moderate N2 adsorption uptake at low relative pressure. The 
large hysteresis loop at middle relative-pressure region (P/P0 ≈ 0.45-0.90) exhibited type IV 
adsorption isotherms, probably due to strong fluid-solid attractive interaction in adsorption 
process or the formation of some mesoporous in activation process. In contrast, Sr-ABDC 
revealed very low N2 uptake. As calculated from the N2 adsorption isotherms, the results in 
Table 6.2 show that Mg-ABDC and Co-ABDC possess comparable BET surface area of 63 
and 71 m
2
/g, and total pore volume of 0.1522 and 0.1145 cm
3
/g, respectively. However, the 
pore volume obtained from the experiment is much smaller than the theoretical value, which 
further proves the existence of residual guest molecules inside the frameworks. To confirm 
the residual coordinated solvent molecular DMF, FT-IR spectrums were performed on the 
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samples before and after activation (Figure S6.2). The peak at ~1630 cm
-1
 which represents 
the strong stretch vibration of tertiary amide (O=C-N) did weaken after activation, indicating 
that the DMF molecules were partially removed from the pores. Even though the TGA results 
show that the guest molecules were totally removed from the frameworks, N2 molecules 
would have difficulty in accessing the 3D pore of Sr-ABDC due to the comparable size 
between rhomboidal channels (4.6×3.6 Å
2
) in Sr-ABDC and the kinetic diameter of the N2 
molecule (3.64 Å), leading to low surface area and small pore volume. 
Table 6.2. BET surface area and pore volume of M-ABDC (M=Mg, Co, Sr) 
Sample SBET (m²/g) 
Pore volume(cm
3
/g) 
(Experiment)
 
Pore volume(cm
3
/g) 
(Calculated) 
Mg-ABDC 63.03 0.1522 0.4023 
Co-ABDC 71.00 0.1145 0.3179 
Sr-ABDC 2.49 0.0043 0.2064 
6.3.5 CO2 and N2 adsorption on M-ABDC (M = Mg, Co, Sr) 
MOFs have been nominated as potential CO2 adsorbents because of their high adsorption 
selectivity and chemically tunable porous structures.
5
 The MOFs in the presented work have 
both LBSs and OMSs, which are desirable for CO2 adsorption and separation. As shown in 
Figure 6.6, the CO2 and N2 adsorption isotherms were measured at 0 °C as a function of 
pressure ranging from 3.5 - 132 kPa. Mg-ABDC exhibited the highest CO2 uptake at 0 °C 
followed by Co-ABDC and Sr-ABDC. This trend is consistent with the order of surface area 
and pore volume. The CO2 adsorption uptakes for Mg-ABDC and Co-ABDC increased 
quickly as the pressure increased, leading to 1.406 and 1.131 mmol/g at 132 kPa, 
respectively. The slightly higher adsorption capacity of Mg-ABDC for CO2 can be attribute 
to the increased ionic character of the Mg-O bond, which imparts additional CO2 uptake of 
the frameworks.
35
 Moreover, the distribution of -NH2 on the surface of the 2D layer is 
different in these two structures; the distance of staggered -NH2 groups in Mg-ABDC (4.7Å) 
is larger than that of symmetrical -NH2 groups in Co-ABDC (4.4Å), facilitating the access of 
CO2 molecules into the pores of Mg-ABDC. Sr-ABDC displayed the lowest CO2 adsorption 
capacity (0.189 mmol/g at 132 kPa) among these frameworks. The low CO2 uptake is due to 
the relative low void space and weak ionic character of the Sr-O bonds in Sr-ABDC.  
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Figure 6.6 CO2 (a) and N2 (b) adsorption at 0 °C on M-ABDC (M=Mg, Co, Sr) 
The CO2 adsorption isotherms of the three frameworks were also measured at 25 °C (Figure 
S6.3), showing similar trends to those derived from 0 °C. The isosteric heat of CO2 
adsorption (Qst) derived from the Clausius-Clapeyron equation, was used to evaluate the 
interactions between CO2 molecules and the frameworks structure (Figure 6.7). The Qst of 
Mg-ABDC and Co-ABDC were much higher than that of Sr-ABDC due to the difference in 
the ionic character of the metal-oxide bonds.
35, 42
 The Mg-O bonds in Mg-ABDC and the Co-
O bonds in Co-ABDC have higher ionic character than the metal-oxide bonds in Sr-ABDC, 
leading to a higher positive charge density on the Mg
2+
 and Co
2+
 metal centers. It is worth 
noting that the Qst values of Sr-ABDC decreased significantly as adsorption uptakes 
increased, which is attributed to small pore channels, low void space as well as weak ionic 
character.  
 
Figure 6.7 Isosteric heats of CO2 adsorption calculated by Clausius-Clapeyron equation based on 
adsorption isotherms at 0 °C and 25 °C 
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As can be seen in Figure 6.6b, N2 adsorption at 0 °C for these frameworks shows unsaturated 
and linear isotherms. The adsorption uptake values were 0.106, 0.110 and 0.099 mmol/g at 
132 kPa for Mg-ABDC, Co-ABDC and Sr-ABDC, respectively. The low N2 adsorption 
uptakes but high CO2 adsorption uptakes for Mg-ABDC and Co-ABDC revealed high 
selectivity of CO2/N2. By applying Langmuir constants (Table 6.3),
46-47
 the relative 
selectivity of CO2 over N2 at 0 °C for Mg-ABDC, Co-ABDC and Sr-ABDC were calculated 
as 396, 326 and 18, respectively. The remarkably high selectivity of CO2 over N2 for Mg-
ABDC and Co-ABDC results from the polar pore structures of the frameworks. The -NH2 
groups of H2ABDC together with the coordinated unsaturated Mg(II) and Co(II) centers 
provide stronger affinity for CO2 than N2. 
Table 6.3 Langmuir constants of CO2 and N2 adsorption at 0 °C and selectivity of CO2/N2 on all 
MOFs
a
 
Samples 
CO2 N2 
Selectivity of CO2/N2 qm1 (mmol/g) b1 (kPa
-1
) qm2 (mmol/g) b1 (kPa
-1
) 
Mg-ABDC 2.022 0.0151 17.24 4.47E-06 396 
Co-ABDC 1.536 0.0179 13.14 6.41E-06 326 
Sr-ABDC 285.53 4.66E-06 51.84 1.44E-06 18 
a
Langmuir equation: 𝒒 =
𝒒𝒎𝒃𝒑
𝟏+𝒃𝒑
; The adsorption equilibrium selectivity:𝑺𝑪𝑶𝟐/𝑵𝟐 =
𝒙𝟏
𝒙𝟐
×
𝒚𝟏
𝒚𝟐
≈
𝒒𝒎𝟏𝒃𝟏
𝒒𝒎𝟐𝒃𝟐
 
To further evaluate the selectivity of CO2 over N2 for Mg-ABDC and Co-ABDC for gas 
mixture, ideal adsorbed solution theory (IAST) was applied to predict the binary-component 
adsorption performance and selectivities for CO2/N2 mixtures. The detailed procedure and 
fitting parameters are presented in the Supporting Information. Figure S6.6 showed the 
predicted adsorption selectivities of Mg-ABDC and Co-ABDC for equimolar CO2/N2 as a 
function of total bulk pressure. Both frameworks exhibited very high initial selectivity of 
CO2/N2 (>375) in equimolar mixture, and then the selectivity decreased significantly with the 
increase of pressure.  
In addition, to investigate the difference of CO2 and N2 adsorption at high pressure in the 
three frameworks, the gas adsorption was also measured at pressure up to 35 bar and at 35°C, 
which are closer to the realistic working temperatures (313-333 K) for actual post-
combustion CO2 capture. From the high adsorption results presented in Figure S6.4, the CO2 
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and N2 adsorption isotherms of Mg-ABDC and Co-ABDC exhibited similar trends to those 
obtained at low pressure and low temperature. It is obvious that the adsorbed amounts of CO2 
are also much higher than those of N2. Compared to Mg-ABDC and Co-ABDC, Sr-ABDC 
has much low CO2 adsorption in the entire pressure range (0.6-35 bar). The high selectivity 
of CO2 over N2 would promote Mg-ABDC and Co-ABDC as desirable adsorbent materials 
for separation of CO2/N2 in flue gas.  
6.4  Conclusion 
In summary, three new amino-functionalized MOFs with both LBSs and OMSs have been 
assembled and constructed from Mg(II), Co(II) and Sr(II) ions and 2-aminoterephthalic acid. 
As to Mg-ABDC and Co-ABDC, the SBUs are connected through polycarboxylate ligands to 
form 2D layer structure, while the SBUs in Sr-ABDC are connected by eight-coordinated 
Sr(II) ions to provide 3D channel structure. In all three frameworks, the -NH2 groups 
decorates the pore surface and the OMSs can be created upon the removal of coordinated 
DMF molecules. Among them, Sr-ABDC was the most thermal stable framework, up to 
400 °C. Mg-ABDC and Co-ABDC exhibited higher BET surface area, pore volume and gas 
uptakes than Sr-ABDC. Moreover, Mg-ABDC and Co-ABDC display high heat of adsorption 
for CO2 and outstanding CO2/N2 selectivity. The pores in these two frameworks were 
decorated by OMSs and -NH2 groups of H2ABDC, which offer strong binding affinity for 
CO2. The molecular sieving effect may also contribute to the high CO2/N2 selectivity. Apart 
from the pore size control, the introduction of OMSs and LBSs can be promising routes to 
design MOFs with high CO2 affinity for selective CO2 adsorption and separation. As to these 
new M-ABDC (M =Mg, Co, Sr) frameworks, further effective activation will be required to 
achieve more OMSs and enhance CO2 adsorption capacity and selectivity. Simulation method 
will be necessary to identify the CO2 adsorption site in these MOFs and predict the 
adsorption performance. 
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SUPPORTING INFORMATION 
 
S6.1 Results of XRD, TGA, FT-IR 
 
Figure S6.1 XRD pattern of Ca-ABDC from synthesis (red) and simulation (black) 
Table S6.1 TG residual % of the amino-functionalized MOFs before and after solvent removal 
Frameworks 
Theoretical value Experimental Value 
Before solvent 
removal 
After solvent 
removal 
Before solvent 
removal 
After solvent 
removal 
Mg3(ABDC)3DMF4 13.39 19.81 13.94 16.05 
Co3(ABDC)3DMF4 22.33 31.47 24.05 29.27 
Sr(ABDC)DMF 30.49 38.84 41.61 43.02 
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Figure S6.2 FT-IR spectrums of M-ABDC (M = Mg, Co, Sr) before and after activation 
S6.2. CO2 and N2 adsorption 
 
Figure S6.3 CO2 adsorption at 25 °C on M-ABDC (M = Mg, Co, Sr) 
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Figure S6.4 CO2 and N2 adsorption at 35 °C on Mg (Co, Sr)-ABDC at high pressure 
Figure S6.4 compared the adsorption results of CO2 and N2 on the three amino-functionalized 
MOFs. The N2 adsorption isotherm of Sr-ABDC is not shown the figure, as the low N2 
adsorbed amount is out of the instrument detection limit. For Mg-ABDC and Co-ABDC, CO2 
adsorption initially increased with increasing pressure and then increase slowly in further 
high pressure region. Both the CO2 and N2 adsorbed amounts at 35 bar of Mg-ABDC (CO2: 
1.28 mmol/g; N2: 0.151 mmol/g) are similar to those of Co-ABDC (CO2: 1.28 mmol/g; N2: 
0.151 mmol/g), respectively. Compared to Mg-ABDC and Co-ABDC, Sr-ABDC has much 
low CO2 adsorption in the entire pressure range (0.6-35 bar). 
S6.3. CO2/N2 selectivity prediction via IAST 
This method was following the procedures in the reporting references.
1-2
 The experimental 
adsorption data for pure CO2 and N2 (measured at 0 °C) were fitted using a Langmuir-
Freundlich (L-F) model:  
𝑞𝑖 =
𝑎×𝑏×𝑝𝑖
1/𝑛
1+𝑏×𝑝𝑖
1/𝑛  Eq.S6-1 
Where qi adsorbed amounts at pressure and pi.  
The adsorption selectivities for binary mixtures of CO2/N2 were calculated using the Ideal 
Adsorption Solution Theory (IAST), which was reported by Myers and Prausnitz.
1
 And the 
selectivity was defined by: 
𝑆𝑖/𝑗 =
𝑥𝑖×𝑦𝑗
𝑥𝑗×𝑦𝑖
  Eq.S6-2 
Where xi is the mole fraction of component i in the adsorbed phase and yi is the mole fraction 
of component i in the bulk.  
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Figure S6.5 CO2 and N2 adsorption isotherms at 0 °C and fitting by L-F model 
Table S6.2 Fitting parameter of CO2 and N2 adsorption data by L-F model 
L-F model fitting parameter a b n Chi^2 R^2 
Mg-ABDC 
CO2 ads 4.33649 0.01709 1.47436 0.0001 0.99919 
N2 ads 0.84485 0.00073 0.93764 2.0336E-7 0.99977 
Co-ABDC 
CO2 ads 3.04922 0.02229 1.50271 0.00016 0.99795 
N2 ads 0.68623 0.00087 0.9062 1.3745E-7 0.99988 
 
 
Figure S6.6 IAST adsorption isotherms of CO2/N2 mixture at 50/50 and selectivities of Mg-ABDC 
and Co-ABDC 
Reference 
(1) Myers, A. L.; Prausnitz, J. M., Thermodynamics of mixed-gas adsorption. AlChE J. 1965, 11 (1), 
121-127. 
(2) Du, L.-Y.; Shi, W.-J.; Hou, L.; Wang, Y.-Y.; Shi, Q.-Z.; Zhu, Z., Solvent or Temperature Induced 
Diverse Coordination Polymers of Silver(I) Sulfate and Bipyrazole Systems: Syntheses, Crystal 
Structures, Luminescence, and Sorption Properties. Inorg. Chem. 2013, 52 (24), 14018-14027. 
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Chapter 7 Synthesis of ZIFs/CNTs composites with enhanced 
CO2 adsorption 
7.1 Introduction 
Even though MOFs possess advantages for various applications, most of MOFs materials 
show tendency to collapse and loss porosity when exposed to moisture or air. The narrow 
micropores of MOFs restrict the fast gas diffusion inside the pores, limiting the real 
applications of MOFs in gas adsorption and separations. Moreover, the potential applications 
of MOFs have been limited in laboratory scale due to the presence of water vapour in most 
industrial processes. To ensure the extensive use of MOFs materials in industrial/large-scale 
applications, a key technology is to develop hierarchically structured bulk materials such as 
composites to overcome the above problems. By tailoring the ratio of macropores, mesopores 
and micropores of the bulk materials, low pressure drop and high mass transfer can be 
obtained simultaneously. For example, incorporation of carbon nanotubes (CNTs) into MOFs 
can obtain better crystals and enhance the composite performance because of the unusual 
mechanical, thermoconductive, electroconductive and hydrophobic properties of the CNTs. 
The aim of this paper is to comprehensively synthesize the MOFs/CNTs composites with 
various CNTs loading amount. Introducing the mesopores of CNTs into the micropores 
system of ZIF-8 is not only expected to obtain higher crystalline and achieve hierarchically 
structured bulk materials, but also to improve CO2 adsorption capacity and selectivity of 
CO2/N2. The interaction between CNTs and ZIF-8 will also contribute to the enhancement of 
CO2/N2 selectivity. 
7.2 Contributions 
In this chapter, a series of ZIF-8/CNTs composites are synthesized with varying CNTs 
loading amounts. There are interactions between ZIF-8 crystals and CNTs in the composites, 
which reflects in the change of crystallinity, morphology, thermal stability and adsorption 
properties. The existence of CNTs in the synthesis process provides more nucleation sites and 
raised the crystallinity of ZIF-8, the surface area and adsorption capacities can be controlled 
by adjusting the CNTs content in the composites. The improved adsorption capacities and 
selectivity of CO2/N2 illustrate that the incorporation of CNTs into MOFs synthesis provide a 
suitable and reasonable approach to achieve hierarchical pore structure and enhanced 
adsorption performance of MOFs. 
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Chapter 8 Conclusions and recommendations for future work 
8.1 Conclusions 
This thesis focused on the development of novel metal-organic frameworks (MOFs) with 
enhanced affinity and selectivity for selective gas adsorption. In particular this thesis 
endeavoured to synthesize MOFs materials and investigate the relationship between the 
MOFs properties and the selective adsorption performance. Based upon the experimental and 
simulated results, the preparation and optimization on MOFs were conducted to improve the 
adsorption properties.  
The first contribution of this thesis is the pores and channels of copper-based MOFs Cu-BTC 
can be nearly evacuated by using proper exchange solvents. The solubility parameter and 
polarity of exchange solvent affected the activation efficiency of Cu-BTC. Cu-BTC with 
higher surface area can provide higher CO2 adsorption. When using traditional solvent 
CH2Cl2 as activation solvent, both surface area and pore volume of Cu-BTC (CH2Cl2) are 
comparable to literature reported values. High crystalline and nearly solvent-free Cu-BTC 
can be obtained when using high polarity solvent methanol as an activation solvent, leading 
to the highest BET surface area (2042 m
2
/g), largest pore volume (0.823 cm
3
/g) as well as 
highest CO2 loading (11.60 mmol/g at 0 °C and 132 kPa).  
The second contribution of this thesis is the selective adsorption behaviours of CO2/N2 and 
CO2/CH4 on Cu-BTC were obtained by experiments; Extended Langmuir model, GCMC 
simulation and IAST prediction are tested as methods for predicting the adsorption 
performance of binary mixtures. From pure gas adsorption, the adsorption capacity for CO2 is 
much higher than for CH4, which is in turn higher than for N2. Cu-BTC also shows strong 
preferential adsorption of CO2 over N2 or CH4 from the binary adsorption of CO2/N2 or 
CO2/CH4 mixtures. Extended Langmuir model, GCMC simulation and IAST prediction are 
employed for predicting the adsorption performance of binary mixtures. IAST gives a 
satisfactory prediction for the binary adsorption performance (isotherms, selectivity etc.) of 
CO2/N2 and CO2/CH4 on Cu-BTC. The GCMC simulation does not match well with the 
actual adsorption behaviours of CO2/N2 and CO2/CH4. For practical purposes, the binary 
adsorption performance of rigid MOFs materials as exemplified by Cu-BTC can be 
conveniently predicted from the single-component adsorption isotherms of the constituents of 
the mixed gas using IAST. The GCMC simulations show the same general trend but are 
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quantitatively somewhat different from experiment measurements. This combined 
experimental and modelling approach can provide criteria to screen the MOFs material and to 
forecast the binary adsorption behaviour of different composition in practical application. 
The third contribution of this thesis is that amino-functionalized MOFs with open metal sites 
and high selectivity for CO2 over N2 were successfully synthesized. In both Mg-ABDC and 
Co-ABDC, the SBUs are connected through polycarboxylate ligands to form 2D layer 
structure, while the SBUs in Sr-ABDC are connected by eight-coordination Sr(II) ions to 
provide 3D channel structure. The -NH2 groups of H2ABDC are decorated on the pore 
surface and the OMSs can be created upon the removal of the coordinated DMF molecules in 
the three MOFs. Mg-ABDC and Co-ABDC have high heat of CO2 adsorption (> 30 kJ/mol) 
and outstanding CO2/N2 selectivity (>375), as the pores in these two structures decorated by -
NH2 groups of H2ABDC and OMSs offer strong binding affinity for CO2. The introduction of 
OMSs and LBSs can be promising route to design MOFs with high CO2 affinity for selective 
CO2 adsorption and separation.  
The fourth contribution of this thesis is about higher crystalline and hierarchically structured 
bulk materials with enhanced CO2 adsorption capacity and selectivity of CO2/N2 was 
obtained by introducing the mesopores of CNTs into the micropores system of ZIF-8. The 
existence of CNTs in the synthesis process provides more nucleation sites and raises the 
crystallinity of ZIF-8. The surface area and adsorption capacities can be controlled by 
adjusting the CNTs content in the composites. By comparing the adsorption properties 
between ZIF-8/CNTs composites and hypothetical mixtures of ZIF-8 and CNTs, the 
synergetic effect between ZIF-8 and CNTs is confirmed in the composites. In optimal CNT 
loading ratio, the ZIF-8/CNTs composite show improved adsorption capacities and higher 
adsorption selectivity of CO2/N2, illustrating that the incorporation of CNTs into MOFs 
synthesis provides a suitable and reasonable approach to achieve hierarchical pore structure 
and enhanced adsorption performance of MOFs.  
In summary, optimally tuning the pore metrics, tailoring functionalities of MOFs during 
synthesis and fully evacuating the pores in the activation process can significantly improve 
their adsorption capacity and selectivity in the application of selective gas adsorption.  
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8.2. Recommendation for future work 
For future work, there are several aspects that need to be considered and developed further to 
offer MOFs the full potential in gas adsorption and separation. For this reason the following 
recommendations are made: 
The adsorption properties of MOFs containing coordinated solvent molecules are 
significantly dependent upon the desolvation conditions as shown in Chapter 4, in which the 
more DMF molecules were evacuated from the pores, the higher surface area and pore 
volume were reflected in MOFs. Further investigations such supercritical CO2 exchange 
should be made to explore effective activation routes and achieve complete activation 
(uniform and empty pores) of MOFs, and then enhance the separation performance of the 
materials. 
Besides the OMSs and basic nitrogen-containing organic groups, the introduction of other 
polar functional groups (e.g. -CH3, -COOH, -CN, -OH, -NO2, -X (X=halogen)) into MOFs 
may also improve the adsorption capacity and selectivity of CO2 adsorption. The effects of 
individual and multiple functional groups on the selective adsorption performance of MOFs 
vary from case to case. Further studies on the functionalization effect on adsorption 
application of MOFs will provide useful information to optimize these materials with 
enhanced affinity and selectivity. 
The adsorption performances of MOFs can be further enhanced by incorporating with 
optimal amount of carbon nanotubes (CNTs) during the synthesis process. The different 
functional groups on the surface of CNTs can affect the interfacial interaction between MOFs 
and CNTs and subsequently affect the adsorption performance of the MOFs/CNTs 
composites. Further investigation should be made into the preparation of MOFs/CNTs 
composites by incorporation of different functionalized CNTs (-COOH, -NH2, -SO3H etc.), 
followed by the study of the synergetic effect between MOFs and different functionalized 
CNTs and their effect on the selective adsorption properties. 
For practical applications, further laboratory measurements should also be carried out under 
more realistic conditions, such as at high temperature, low molar friction of CO2, and certain 
amounts of mixed moisture and other toxic gases (SOx and NOx). There appears to be 
enormous potential for application of the Belsorp-BG instrument, however, there are some 
limitations when binary adsorption measurements are carried out: equation of state issues, 
compression factors and uncertainties of constant volumetric method. Once the above 
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limitations are solved by improving the measurement program with correct algorithms in 
different situations, the selective adsorption of CO2 over other gases on MOFs can be 
performed at extreme conditions (e.g. low CO2 concentration with water vapor at high 
temperature and high pressure). In addition, applying other techniques (not limit to Belsorp-
BG) to evaluate binary adsorption accurately, such as go through adsorption with GC detector 
In short:  
 Further investigations of effective activation routes to reach the full potential of 
MOFs materials; 
 Further exploring the functionalization effect of MOFs material on the selective 
adsorption performance and provide criteria to optimize MOFs with high capacity and 
selectivity of CO2 adsorption 
 Preparing MOFs/CNTs composites by incorporating CNTs with different functional 
groups to screen the composite materials with better selective adsorption properties; 
 Developing more accurate methods to evaluate the selective adsorption of mixtures. 
